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Abstract: Background and Aims: we previously reported in studies on organoid-cultured bovine pul-
monary arteries that pulmonary hypertension (PH) conditions of exposure to hypoxia or endothelin-1
caused a loss of a cartilage oligomeric matrix protein (COMP) stabilization of bone morphogenetic
protein receptor-2 (BMPR2) function, a known key process contributing to pulmonary hypertension
development. Based on subsequent findings, these conditions were associated with an extracellular
superoxide-mediated increase in matrix metalloproteinase 9 (MMP-9) expression. We investigated
if this contributed to PH development using mice deficient in MMP9. Results: wild-type (WT)
mice exposed to Sugen/Hypoxia (SuHx) to induce PH had increased levels of MMP9 in their lungs.
Hemodynamic measures from MMP9 knockout mice (MMP9 KO) indicated they had attenuated PH
parameters compared to WT mice based on an ECHO assessment of pulmonary artery pressure, right
ventricular systolic pressure, and Fulton index hypertrophy measurements. In vitro vascular reactiv-
ity studies showed impaired endothelium-dependent and endothelium-independent NO-associated
vasodilatory responses in the pulmonary arteries of SuHx mice and decreased lung levels of COMP
and BMPR2 expression. These changes were attenuated in MMP9 KO mice potentially through
preserving COMP-dependent stabilization of BMPR2. Innovation: this study supports a new function
of superoxide in increasing MMP9 and the associated impairment of BMPR2 in promoting PH devel-
opment which could be a target for future therapies. Conclusion: superoxide, through promoting
increases in MMP9, mediates BMPR2 depletion and its consequent control of vascular function in
response to PH mediators and the SuHx mouse model of PH.

Keywords: MMP9; BMPR2; pulmonary hypertension; superoxide; oxidative stress; extracellular
matrix; right ventricular hypertrophy

1. Introduction

Remodeling of the vascular extracellular matrix is a significant pathological feature of
pulmonary hypertension (PH), a progressive disease characterized by elevated blood pres-
sure in the pulmonary circulation (≥20 mmHg) leading to dysfunction of the right ventri-
cle [1]. We previously reported that in organoid-cultured bovine pulmonary arteries (BPA),
pulmonary hypertension (PH) mediators hypoxia or endothelin-1 induced an increase in
superoxide levels and deficiency of cartilage oligomeric matrix protein (COMP) affecting
the bone morphogenetic protein receptor-2 (BMPR2) function [2,3]. Superoxide elevation is
implicated in vascular remodeling by activating several pathophysiological mechanisms
such as cellular migration, proliferation, increased extracellular matrix turnover, and re-
cruitment of inflammatory cells [4]. Recently, it has been reported that in vitro exposure to
hypoxia significantly increased pulmonary artery vascular remodeling which was associ-
ated with increased levels of matrix metalloproteinas-9 (MMP9) [5]. MMP9 is suggested

Antioxidants 2023, 12, 1961. https://doi.org/10.3390/antiox12111961 https://www.mdpi.com/journal/antioxidants

https://doi.org/10.3390/antiox12111961
https://doi.org/10.3390/antiox12111961
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com
https://orcid.org/0000-0002-3329-969X
https://doi.org/10.3390/antiox12111961
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com/article/10.3390/antiox12111961?type=check_update&version=1


Antioxidants 2023, 12, 1961 2 of 16

to play a pivotal role in cardiovascular diseases due to its ability to disrupt the basement
membrane of endothelial cells and the degradation of several types of matrix proteins [6].
Superoxide has been shown to activate MMP9 potentially by dissociating the cysteine–zinc
interaction between the pro-peptide and the active site of MMP9, allowing the release of
the active enzyme [7]. Thus, we hypothesized that superoxide-mediated MMP9 activation
facilitates the progression of PH. Hence, investigating its role yields a promising area for
developing new approaches to reverse vascular remodeling and enhancing responsiveness
to pulmonary vasodilators in established PH.

2. Materials and Methods

All salts used for making physiological solutions were analyzed reagent grade from
Baker Chemical. All gases were purchased from Airgas (Bronx, NY, USA). Sugen5416 was
obtained from Adooq Bioscience LLC (Irvine, CA, USA, Catalog No. A12437), Endothelin-1
was obtained from Sigma-Aldrich (Burlington, MA, USA. Catalog No. E7764), and FK-506
was purchased from Cayman Chemical (Ann Arbor, MI, USA, Catalog No. 10007965).
Specific antibodies were purchased from the companies indicated: anti-MMP9 (Abcam,
Cambridge, MA, USA: ab38898), anti-BMPR2 (Abclonal, Woburn, MA, USA: A16778),
anti-COMP (Abclonal, Woburn, MA, USA: A13963) anti-GC (Sigma, Burlington, MA, USA:
G4405), anti-SIRT3 (Abcam, Cambridge, MA: ab86671), anti-SOD2 (Abclonal, Woburn,
MA, USA: A1340) and anti-β-actin (Sigma, Burlington, MA, USA: A5441). Superoxide
scavengers and detection probes were purchased from the companies indicated: bovine
SOD (Sigma, Burlington, MA, USA: S7571), Tempo (Sigma, Burlington, MA, USA; 214000).

Animal studies: all experiments were performed following the New York Medical
College Animal Care and Use Committee-approved protocol, in accordance with the
National Institutes of Health Guidelines for the Care and Use of Laboratory Animals. Adult
male and female (10–12-week-old) Matrix Metalloproteinase 9 (MMP9) knockout mice and
appropriate age-matched wild-type (WT) controls were used. All mice were purchased
from Jackson Laboratories (Bar Harbor, ME, USA).

Chronic hypoxia exposure protocol: mice were either exposed to normoxic (21% O2)
or normobaric (10% O2) hypoxic conditions for 21 days in a hypoxic in vivo cabinet (Coy
Laboratories, Grass Lake, MI, USA) in NYMC animal facility care employing adaptations
of methods previously described [2]. In this study, the combination of sugen and chronic
hypoxia model was used to induce pulmonary hypertension. Mice were injected sub-
cutaneously with VEGFR2 inhibitor Sugen5416 suspended in DMSO (20 mg/kg) once a
week according to a published protocol [8]. At the end of the experimental protocol, mice
were sacrificed with inhalation of 100% carbon dioxide, and then lungs and hearts were
harvested from each mouse to be processed further for studies. In some experimental
groups, mice were injected with DMSO or Sugen under normoxic conditions to serve as
negative control mice.

2.1. Right Heart Catheterization

Right heart catheterization was used to assess right ventricular systolic pressure (RVSP)
in wild-type and MMP9 KO mice using adaptations of methods previously described [9].
After echocardiography analysis, the anesthetized mouse was transferred to a heating
plate to maintain the body temperature at 37 ◦C. A middle incision was made on the neck
to expose the right external jugular vein. A 1.2 F solid-state catheter (Transonic Scisense
Inc., London, ON, Canada) was inserted into the jugular vein and advanced into RV to
monitor RVSP. Observing a stable ventricular pressure wave was indicative of the accurate
position of the catheter in the RV. RVSP was recorded using a PowerLab data acquisition
system (ADInstruments, Colorado Springs, CO, USA) and analyzed with LabChart V8
software (ADInstruments).
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2.2. Doppler Echocardiographic Measurements

Transthoracic echocardiography was performed on the mice that were under light
anesthesia through a constant flow of isoflurane, employing adaptations of methods pre-
viously described [9]. A mechanical transducer set at 30 MHz (Vevo 770; Visualsonics,
Toronto, ON, Canada) was used to obtain an aortic B-mode image of the heart. The pulsed-
wave Doppler sampler was positioned on the pulmonary valve leaflets and aligned with
the direction of the flow for obtaining a pulsed-wave Doppler recording of the pulmonary
blood flow. The pulmonary blood flow parameters measured included: (1) pulmonary
artery acceleration time (PAAT), the time from the onset of the pulmonary flow to peak
velocity using pulsed-wave Doppler recordings; (2) ejection time (ET), the time from the
onset to the end of the systolic flow; (3) the PAAT to ET ratio, an index of pulmonary
arterial pressure that corresponds inversely with the severity of pulmonary hypertension;
and (4) velocity–time integral (VTI), the integral of the area under the captured image of
Doppler flow of the pulmonary valve’s velocity–time wave was calculated using a mechan-
ical transducer set at 30 MHz (Vevo 770; Visualsonics) for each experimental group under a
constant flow of isoflurane. Heart rate was recorded with electrocardiograph electrodes
located on the platform, and it was adjusted with isoflurane in order to keep it constant
throughout the procedure.

2.3. Measurement of Reactivity in Mouse Pulmonary Arteries

Freshly prepared pulmonary arteries were used for studies measuring changes in
isometric force, conducted initially in an atmosphere of 21% O2 and 5% CO2 in Krebs-
bicarbonate buffer at 37 ◦C, employing adaptations of methods previously described [10].
Pulmonary arterial rings were mounted on Danish Myograph Technology wire myo-
graphs, with a Powerlab data acquisition system from ADInstruments used to record
time-dependent changes in force. Pulmonary rings were incubated at optimized passive
tensions of 0.5 g for one hour in Krebs-bicarbonate buffer containing 118 mM NaCl, 4.7 mM
KCl, 1.5 mM CaCl2, 25 mM NaHCO3, 1.1 mM MgSO4, 1.2 mM KH2PO4, and 5.6 mM glu-
cose gassed with 21% O2-5% CO2-74% N2 to maintain a pH of 7.4. Following this one hour
of incubation, the rings were depolarized with 123 mM KCl containing Krebs-bicarbonate
buffer, and the rings were again re-equilibrated with standard Krebs-bicarbonate buffer
for another 30 min before being contracted with 10−7 M Phenylephrine (PE). The normal
endothelial function of vessel rings was evaluated with a dose-dependent relaxation to
Acetylcholine (ACh; 10−8 M–10−5 M) under a phenylephrine-induced pre-contraction,
while other rings were treated with a dose-dependent relation to spermine-NONOate (10−9

to 10−5 M) to evaluate endothelium-independent vasodilation. After re-equilibration of
the vessels in Krebs solution for an additional 30 min, vessel rings that received ACh were
incubated with 1 µM SOD, and the ones treated with NONOate received 0.5 µM TEMPO
for 30 min before repeating the same experimental protocols.

Tissue preparation: bovine lungs were obtained from a slaughterhouse in ice-cold
phosphate buffer saline. The second or third main branches of bovine pulmonary arter-
ies (BPAs) were used in the experiments, employing adaptations of methods previously
described [11]. Bovine arteries were cleaned of their connective tissue and then cut into
rings of 2–3 mm in diameter and width. The endothelium was removed by rubbing the
lumen. As indicated in the results, bovine rings were organoid cultured in the absence and
presence of different agents including 100 nM ET-1, 1 µM SOD, and FK506 (0.1 µM), with
Dulbecco’s modified Eagle medium containing 10% fetal bovine serum and 1% antibiotics
(penicillin, streptomycin, and amphotericin B) for 24 or 48 h at 37 ◦C with 5% CO2.

Western blot analysis: frozen lung tissues or endothelium-removed bovine pulmonary
arteries were pulverized and then homogenized in lysis buffer containing protease and
phosphatase inhibitors, using adaptations of methods previously described [3]. The Brad-
ford method was used to assay protein quantification, and samples were prepared for
gel electrophoresis. Proteins were separated using a 10% SDS-polyacrylamide gel under
reducing and denaturing conditions. Gels were transferred to polyvinylidene difluo-
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ride membranes, and the membranes were blocked with Tris-buffered saline with Tween
20 + 5% milk for one hour. The membranes were then incubated with primary and sec-
ondary antibodies as per the manufacturer’s protocol. Protein bands were visualized with
an enhanced chemiluminescence kit (Pierce, Rockford, IL, USA) on X-OMAT autoradiogra-
phy paper (Kodak, Rochester, NY, USA) in a dark room. Protein levels were measured using
densitometry analysis with the UN-SCAN-IT version 7.1 gel software by Silk Scientific
(Orem, UT, USA).

Superoxide measurements using chemiluminescence and cytochrome C reduction
methods: changes in superoxide were measured from quantifying the chemiluminescence
of 5 µM lucigenin in a liquid scintillation counter (LS6000IC; Beckman Instruments, San
Diego, CA, USA) with a single active photomultiplier tube in a dark room, using adapta-
tions of methods previously described [9]. Initial background chemiluminescence (blank
readings) was measured in plastic scintillation mini vials containing only 5 µM lucigenin
in 1 mL of Krebs solution buffered with 10 mM HEPES-NaOH (pH 7.4) in the absence
of tissue. Right after obtaining the blank readings, arterial rings were added into each
vial to measure the chemiluminescence in the presence of the tissue (tissue readings). The
blank measurement was subtracted from subsequent measurements taken in the presence
of arterial rings to give an indication of the total superoxide levels. To obtain an estimate
of the extracellular superoxide levels in the rings, 1 µM SOD was added to the vials, and
the subsequent reading was recorded. Tissue measurement was subtracted from the SOD
measurement of each ring, and the difference was considered an estimation of the extracel-
lular superoxide levels. The rings were weighed at the end of the experiment. The counts
were divided by weight to gain the final data in counts per minute per mg of tissue. The
reduction of cytochrome C (75 µM, in the presence of 1 µM catalase) with its increase in
absorbance at 550 nm over 3 h in the absence and presence of 1 µM SOD was also used to
quantify extracellular superoxide release from organoid-cultured BPA rings.

Superoxide measurement using HPLC: measurement of the superoxide-specific hy-
droxylated products of Mitosox and dihydroethidium (DHE) is previously described [2] for
quantifying changes in mitochondrial and extra-mitochondrial superoxide using an HPLC
system with a Jasco FP-1520 fluorescence detector and a Beckman ultrasphere reverse
column (C18; 5 µm, 250 × 4.6 mm). The fluorescence excitation and emission wavelengths
used for Mitosox detection are 510 and 595, and for DHE, the wavelengths are 480 and 580.

Statistical Analysis: statistical analysis was performed using Graph Pad Prism 5
software. All values are expressed as means± SEM, with n and data points shown in
figures equal to the number of animals studied. Statistical analyses between the two groups
were conducted with paired or unpaired Student’s t-test; one-way ANOVA or two-way
ANOVA were used for comparison between multiple groups, as described in the results.
p < 0.05 was used to establish statistical significance.

3. Results
3.1. MMP9 Contributes to the Pathogenesis of Sugen/Hypoxia-Induced Pulmonary Hypertension

We utilized an established experimental protocol composed of the administration of
Sugen5416 plus hypoxia exposure (SuHx) to recapitulate the development of PH. After
3 weeks, MMP9 protein levels in the lung tissues were significantly increased compared to
those of the normoxic WT control mice (Figure 1a). To investigate MMP9 contribution in the
pathogenesis of PH, we used MM9 KO mice to assess if inducing MMP9 deficiency shows
any protective effects on the development of the disease model. Doppler echocardiography
provided a non-invasive method to assess pulmonary hemodynamic under conditions of
minimized heart rate changes among the groups by adjusting the delivery of isoflurane.
A lower PAAT is an indication of higher pulmonary artery pressures (PAP), and the
ratio of PAAT/ejection time (ET) was used as a reliable estimate for PH development
(Figure 1b). The echocardiographic assessment showed a significant decrease in pulmonary
artery acceleration time (PAAT) in the SuHx-WT mice compared to the SuHx-MMP9
KO group or the control mice. After that, we administered right heart catheterization,
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which is the gold standard method for diagnosing pulmonary hypertension. Our findings
document that there was a significant increase in right ventricular systolic pressure (RVSP)
in response to SuHx exposure, indicating that increased PAP is potentially caused by
elevated pulmonary vascular resistance (Figure 1c). RVSP in SuHx-MMP9 KO mice was
substantially lower compared to their wild-type SuHx group. Moreover, RVSP elevation
was accompanied by RV hypertrophy, as documented with an observed increase in the
Fulton index, calculated from the percent ratios of the right ventricular/left ventricular plus
septum weights (Figure 1d). Thus, the data in Figure 1 document that PH parameters in
SuHx-MMP9 KO mice were attenuated when compared to those of SuHx-WT mice. These
findings suggest that MMP9 has a prominent role in altering the pulmonary hemodynamics
observed in this SuHx mouse model of PH.

Figure 1. (a) Showing the representative blot and quantitative measurement of MMP9 expression
in lung tissues of wild-type and MMP9 knockout mice exposed to normoxia or Sugen plus chronic
hypoxia for 3 weeks. (b) The effect of Sugen/hypoxia on right ventricular systolic pressure (RVSP) via
right heart catheterization in wild-type and MMP9 KO mice. (c) Echocardiographic measurements
of pulmonary artery acceleration time (PAAT) to ejection time (ET) ratio in wild-type and MMP9
knockout mice as an indication of pulmonary arterial pressure at the end of the experimental protocol.
(d) Right ventricular hypertrophy in wild-type and MMP9 knockout mice as indicated by the ratio
of the weight of the right ventricle (RV) to the left ventricle plus the septum (LV + S). (n = 4–8)
* p < 0.05 vs. Normoxia (WT); # p < 0.05 vs. WT (SuHx) using one-way ANOVA with Tukey’s multiple
comparison test.
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3.2. Vascular Regulation Alterations of Pulmonary Arteries from Mice with SuHx-Induced PH Are
Partly Dependent of MMP9 Expression
3.2.1. Impairment of Endothelium-Dependent Vasodilation

Following the hemodynamic assessment, vascular studies were conducted to inves-
tigate the effect of MMP9 deficiency on pulmonary artery tone regulation. Pulmonary
arteries from all experimental groups were dissected into equal-sized circular rings and
precontracted with 10−7 M PE. After that, the rings were treated with increasing doses
of an acetylcholine (ACh) in the presence and absence of the superoxide scavenger SOD.
In PE-precontracted pulmonary artery rings, our results show that the contraction force
induced by PE was similar among all the groups (Figure 2a). In response to increasing
cumulative doses of ACh, the concentration-dependent relaxation did not differ between
WT and MMP9 KO mice exposed chronically to the normoxia control conditions examined
for subsequent comparison with exposure to conditions promoting PH. In contrast, the
ACh response was significantly less in the SuHx WT group compared to that of the mice
exposed to normoxic conditions. However, in SuHx MMP9 KO mice, there was significant
protection against the loss of endothelium-dependent vasodilation, specifically at ACh
doses of 10−7 and 10−6 (Figure 2b). These findings suggest either decreased production of,
or sensitivity to, the endothelium-derived vasodilators, such as NO in the setting of our
experimental model. For a better understanding of the restorative mechanism induced by
MMP9 depletion against endothelial dysfunction, we incubated the pulmonary arteries
with SOD prior to ACh-induced relaxation. The results shown in Figure 2c,d demonstrated
that scavenging superoxide using SOD treatment had minimal detectable effects on the
concentration-dependent relaxation of pulmonary arteries to ACh in all of the experimental
groups of mice.

3.2.2. Impairment of Endothelium-Independent Vasodilation

To further illustrate the role of MMP9 on vascular tone, pulmonary arteries were
treated with increasing concentrations of a NO donor relaxing agent, spermine NONOate;
(10−8–10−5 M). NONOate treatment showed a significantly less vasodilatory response in
the SuHx WT mice compared to their control group. Conversely, the SuHx MMP9 KO
mice showed a significantly larger NONOate relaxation response compared to the SuHx-
treated WT mice, suggesting an increased responsiveness of the VSMCs to NO-mediated
vasodilators in arteries from SuHx PH mice deficient in MMP9 (Figure 3a). In separate
experiments, pulmonary arteries were relaxed with NONOate in the presence and absence
of the superoxide scavenger 0.5 µM TEMPO to examine if superoxide interaction with NO
is a potential mechanism for the observed decrease in relaxation. Our findings showed that
TEMPO treatment led to an elevation in NONOate-mediated vasodilatory response in SuHx
WT mice that is significant only at the 10−5 M dose compared to blood vessels examined
without TEMPO treatment (Figure 3b). Interestingly, TEMPO treatment did not alter the loss
of NONOate relaxation seen in the MMP9 KO mice under the same experimental protocol.
Thus, our findings from the vascular studies (Figure 3b vs. Figure 3c) showed that the
direct effects on the vasodilatory response by adding TEMPO in these doses of NONOate
only support detecting a prevention by MMP9 depletion of the minor inhibitory effect of
acute scavenging of NO by superoxide at a NONOate dose of 10−5 M. In contrast, the SuHx
MMP9 KO did not show a similar response to TEMPO, suggesting that MMP9 regulates
the source of superoxide that has acute effects on impairing NO-mediated relaxation. These
findings provide evidence for an additional mechanism in the pulmonary arteries of SuHx
mice impairing relaxation to NO which appears to be independent of an acute scavenging
of NO by superoxide.
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Figure 2. (a) Summary data showing the contractile force induced by Phenylephrine (PE) at 10−7 M in
pulmonary arteries from all groups. (b) Summary data for acetylcholine-dose-dependent relaxation
in pulmonary arteries from wild-type and MMP9 KO mice exposed to normoxia and Sugen plus
chronic hypoxia. (c) The effect of acute treatment of SOD (1 µM) on the acetylcholine-relaxation
response in pulmonary arteries from wild-type mice exposed to normoxia or Sugen plus chronic
hypoxia. (d) Summary data showing the effect of acute treatment of SOD (1 µM) on Ach relaxation
response in pulmonary arteries from MMP9 KO mice exposed to normoxia or Sugen plus chronic
hypoxia. (n = 4) * p < 0.05 vs. corresponding normoxic group; using two-way ANOVA with Tukey’s
multiple comparison test. # p < 0.05 vs. WT (SuHx) mice; using unpaired t-test.

3.3. Upregulation of MMP9 Expression Promoted BMPR2 Depletion in PH

Next, we looked into the effect of MMP9 on BMPR2 expression considering its es-
tablished role in protecting the integrity of the pulmonary blood vessels. Our results
confirmed the effect of BMPR2 on the development of PH as there was a significant de-
pletion of BMPR2 in the lung tissues from the SuHx-induced PH compared to the control
mice (Figure 4a). The observed depletion was significantly attenuated in the SuHx MMP9
KO mice, indicating that MMP9 activation plays a role in BMPR2 depletion. Since little is
known about the interplay between MMP9 and BMPR2, and our prior studies have noted
the importance of COMP in regulating vascular functions through its stabilizing interaction
with BMPR2, we examined COMP levels to investigate its potential to be cleaved by MMP9
and to confirm our previous findings linking COMP depletion to alteration of superoxide
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levels [2]. The results of our experiments found clear support that an MMP9 deficiency
seems to protect against COMP depletion induced by SuHx PH (Figure 4b).

Figure 3. (a) Summary data for NONOate dose-dependent relaxation in pulmonary arteries of wild-
type and MMP9 KO mice exposed to normoxia and Sugen plus chronic hypoxia. (b) Summary data
showing the effect of acute treatment of TEMPO (0.5 µM) on NONOate relaxation responses in pul-
monary arteries of wild-type mice exposed to normoxia or Sugen plus chronic hypoxia. (c) Summary
data showing the effect of acute treatment of TEMPO (0.5 µM) on the NONOate relaxation response
in pulmonary arteries of MMP9 KO mice exposed to normoxia or Sugen plus chronic hypoxia.
(n = 5) * p < 0.05 vs. corresponding Normoxic group; using two-way ANOVA with Tukey’s multi-
ple comparison test. # p < 0.05 vs. Su/Hx group using one-way ANOVA with Tukey’s multiple
comparison test.

Figure 4. (a) Western blot analysis for BMPR2 expression in lung tissues from wild-type and MMP9
KO mice exposed to normoxia or Sugen plus hypoxia. (b) Western blot analysis for COMP expression
in lung tissues from wild-type and MMP9 KO mice exposed to normoxia or Sugen plus hypoxia.
(n = 4–7) * p < 0.05 vs. Nor (WT) using one-way ANOVA with Tukey’s multiple comparison test.
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3.4. PH Mediators, Endothelin-1 and Hypoxia, Induce MMP9 Expression via a Superoxide-Mediated
Pathway

The following experiments were designed to determine the effect of known PH media-
tors, hypoxia and Endothelin-1 (ET-1), on MMP9 expression. Incubating organoid-cultured
BPA with ET-1 induced a significant increase in MMP9 expression (Figure 5a). In BPA incu-
bated under hypoxic conditions (3%O2 balance N2), we only observed a significant increase
in MMP9 levels after 48 h (Figure 5b). A strong relationship between MMP9 elevation and
superoxide generation has been reported in the literature. Therefore, we utilized two redox
measurement methods to specifically detect changes in superoxide levels in response to
hypoxia and ET-1. The organoid culture of BPA treated with ET-1 (100 nM) for 24 h signifi-
cantly increased the extracellular superoxide levels as detected with the measurement of
the SOD-inhibited reduction of cytochrome C measured by the increase in its absorbance at
550 nm (Figure 5c). Moreover, we applied the lucigenin chemiluminescence assay to further
confirm the effect of ET-1. Our findings with lucigenin shown in Figure 5d were in parallel
with the cytochrome C reduction assay data in which ET-1 treatment appeared to double the
extracellular superoxide levels detected using both methods compared to control BPA. In
this experiment, adding exogenous SOD (1 µM) is essential to allow us to differentiate the
contribution of extracellular superoxide levels detected by lucigenin chemiluminescence
compared to superoxide detected from intracellular sources. The chemiluminescence data
shows that around 20% of the ET-1-induced chemiluminescence increase detects superox-
ide generation directed toward the extracellular matrix. Incubating BPA under hypoxia
conditions elicited a similar response in which superoxide production was significantly
increased in cytochrome C reduction assay (Figure 5e) and lucigenin chemiluminescence
assay (Figure 5e). To further dissect the role of superoxide on MMP9 induction in response
to PH mediators, we added exogenous SOD (1 µM) to the previously described organoid
culture combinations of ET-1 or hypoxia. We then examined the effects of scavenging
extracellular superoxide on MMP9 expression. The results shown in Figure 5a,b indicate
that scavenging extracellular superoxide with added SOD significantly reduced the increase
in MMP9 levels, supporting that extracellular superoxide is a contributing factor in the
increased MMP9 associated with ET-1 and hypoxia treatments in BPA. Collectively, our
results show that hypoxia and ET-1 can trigger different signaling mechanisms that could
potentially regulate MMP9 on transcriptional as well as post-translational levels, which are
both known to show a ROS-dependent activation.

3.5. BMPR2 Stabilization Protected against Endothelin-1-Induced Dysfunction in Pulmonary
Arteries

Our previous studies showed that both ET-1 and hypoxia stimulate the production of
ROS, primarily superoxide anion (O2

−), and this is associated with a loss of COMP stabi-
lization of BMPR2 regulation of oxidant-linked pathophysiological processes potentially
related to PH development [2,3]. We further investigated if BMPR2 stabilization by FK506
influenced ET-1 modulation of superoxide levels. Our results from BPA cultured with ET-1
showed a significant elevation of superoxide levels indicated by HPLC quantification of
Mitosox oxidation products (Figure 6a). These data support the detection of an increase in
superoxide levels in the mitochondrial matrix. We also measured DHE oxidation products
under similar experimental conditions, and we did not detect a significant difference among
the groups treated with ET-1 or FK506 (Figure 6b). These results suggested that incubating
BPA with ET-1 in the presence of FK506 may prevent ET-1-induced impairment of other
aspects of mitochondrial function in our preparation. In order to define the mechanism of
ET-1-induced elevation in mitochondrial superoxide levels, we examined the expression of
SOD2, the main superoxide scavenger in the mitochondrial matrix. Our results indicated a
significant decrease in SOD2 levels in response to ET-1 incubation in BPA, and the treatment
of FK506 protected against this loss of SOD2 (Figure 6c). Sirtuin 3 (SIRT3) has been found to
regulate mitochondrial antioxidant response and function. We looked into its expression to
examine if ET-1 potentially influences mitochondrial superoxide and SOD2 via modulating
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SIRT3 levels. Our results indicate that incubation of endothelium-removed BPA with ET-1
significantly reduced SIRT3 levels, which was restored to control levels in BPA treated
with a combination of ET-1 and FK506 (Figure 6d). We also examined if rescuing BMPR2
restored endothelin-induced impairment of soluble guanylate cyclase (sGC). NO beneficial
effects are mediated by the activation of its intracellular receptor sGC and subsequent
cGMP signaling pathways. Western blot analysis indicated that ET-1 incubation caused a
significant decrease in sGC expression, which was significantly suppressed in the presence
of FK506 (Figure 6e). Collectively, our results suggest that FK506 protects against ET-1-
induced elevation of mitochondrial superoxide and promotes a protective regulatory effect
on the sGC/NO pathway via BMPR2-mediated stabilization. While scatter was observed in
the data for individual conditions studied across animals in the ex vivo studies from bovine
tissues, the two-way ANOVA analysis used compensated for this variability, resulting in
statistics documenting the consistent pattern changes observed in the responses of arterial
segments from the same animal.

Figure 5. The effect of incubating bovine pulmonary arteries with ET-1 (100 nM) or under hypoxic
conditions (3%O2 balance N2). (a) MMP9 expression in BPA incubated with ET-1 for 24 h in the
presence or absence of 1 µM SOD. (b) MMP9 expression in BPA incubated under hypoxic conditions
for 48 h in the presence or absence of 1 µM SOD. (c) Superoxide production response to ET-1 treatment
in BPA as measured with cytochrome c reduction assay. (d) Superoxide detection with 5 µM lucigenin
in BPA incubated with ET-1 for 24 h before and after adding 1 µM SOD. (e) Superoxide detection
by the SOD inhibition of cytochrome c reduction assay in BPA incubated in hypoxia for 24 and 48 h
(n = 7). (f) Superoxide detection with 5 µM lucigenin in BPA incubated under hypoxic conditions
(3%O2) for 48 h before and after adding 1 µM SOD. (n = 5–7) * p < 0.05 vs. Control; # p < 0.05
vs. corresponding group with the same treatment using one-way ANOVA with Tukey’s multiple
comparison test.
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Figure 6. (a) Summary data for mitochondrial matrix superoxide levels detected using Mitosox in
BPA organoid cultured for 24 h with (100 nM) ET-1 in the presence or absence of (0.1 µM) FK506.
(b) Summary data for extra-mitochondrial matrix superoxide levels detected using DHE in BPA
incubated with ET-1 in the presence or absence of FK506. (c) Western blot analysis showing SOD2
expression in BPA organoid cultured for 24 h with ET-1 in the presence and absence of FK506.
(d) Western blot analysis of SIRT3 expression in BPA organoid cultured with ET-1 in the presence
and absence of FK506. (e) Western blot analysis of sGC expression in BPA organoid cultured for 24 h
with ET-1 in the presence and absence of (0.1 uM) FK506. (n = 5–8) * p < 0.05 vs. control; # p < 0.05 vs.
ET-1 using two-way ANOVA with Tukey’s multiple comparisons test.

4. Discussion

In this study, the loss of MMP9 in mice was observed to significantly attenuate the
development of SuHx-induced PH, suggesting a pivotal role for MMP9 in the pathological
process of this disease model. While the mechanisms of MMP9 function are not entirely
understood, it has been suggested to potentially involve proteolytic release and the acti-
vation of factors, with much of our understanding of its biological activities originating
from knockout studies. For example, MMP9 has been shown to be a key player in inducing
angiogenesis, based on observations of the MMP9 KO mice showing an abnormal pattern
of skeletal growth plate vascularization and ossification [12]. In the present study of a PH
disease model, our findings are consistent with reports showing that treating mice with
SU5416 in combination with chronic hypoxia led to a severe form of PH, characterized by
a significant elevation of RVSP and PA pressure compared to the normoxic control mice.
Vascular dysfunction characterized by impaired vasodilatory mechanisms and increased
pulmonary arteriolar medial wall thickening can be contributing factors to the development
of these observations. One interesting finding is that the SuHx disease model showed a
significant increase in MMP9 expression. MMP9 elevation can be explained in part by in-
creased levels of inflammatory cytokines, specifically interleukin (IL)-6 and tumor necrosis
factor-α (TNFα), both of which have been reported to induce MMP9 levels in different
disease models. Inflammatory markers seem to participate significantly in the pathogenesis
mechanism of pulmonary hypertension [13]. An alternative explanation for these results
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could be due to an immune response, which could function upstream and/or downstream
to phenotypically alter vascular endothelial and vascular smooth muscle cells [14,15]. By
comparing SuHx groups, RVSP was elevated in both WT and MMP9 KO mice. However, it
was significantly higher in SuHx WT compared to SuHx MMP9 KO mice. A similar pattern
of results was obtained for the PAAT/ET ratio in these two groups, with SuHx mice having
lower values than SuHx MMP9 KO mice, indicating lower PA pressure in the absence of
MMP9. This difference suggests that MMP9 deficiency seems to have beneficial effects
which decrease the progression of PH. The observed right ventricular hypertrophy in SuHx
mice represents an adaptive response to improve the ventricle’s ability to deal with the
progressive elevation of afterload. MMP9 KO mice treated with SuHx showed evidence of
decreased pulmonary artery pressure compared to the control mice, and this consequently
decreased the afterload response and attenuated the remodeling of right ventricular tissues
compared to their SuHx WT littermates. Another finding that stands out is the absence
of cardiac dysfunction in MMP9 KO under normoxic conditions, suggesting that MMP9
physiological levels are kept at a minimum and are only induced by pathological triggers.

Many aspects of PH pathogenesis could be attributed to an imbalance between vaso-
constrictors and vasodilators in pulmonary arteries. MMP9 appears to promote distur-
bances in pulmonary vascular tone regulation. In vascular studies where acetylcholine was
used, Sugen hypoxia treatment significantly reduced the relaxation response, indicating
the involvement of endothelial dysfunction in the development of the disease, which was
partially mitigated by MMP9 deletion (Figure 2). The importance of the endothelium in
regulating vascular tone was first established when relaxation induced by acetylcholine
was only observed when the endothelial lining was intact. Since then, the endothelium
has been shown to regulate vascular tone, either partially or entirely, by releasing NO in
response to acetylcholine [16], and many other processes regulate the release of NO from
endothelium. The partial effect of MMP9 deficiency in restoring ACh relaxation responses
is consistent with the partial protection of MMP9 deficiency in the SuHx mouse model of
responses to NONOate and the in vivo protection against vascular pathogenesis seen in
this model. The impairment of ACh-induced relaxation in SuHx could involve many factors
other than MMP9 regulation, even though other reports suggested a more prominent role
of MMP9 in endothelial dysfunction [17]. It should be noted that these reports were mainly
investigating MMP9 levels in endothelial cells from systemic blood vessels, which can
explain any differences with our findings.

The relaxation responses to NONOate shown in Figure 3 were also significantly
decreased in the SuHx group compared with those in the control group. However, the loss
of this relaxation response was attenuated in the MMP9 KO group. These findings suggest
that the deletion of MMP9 may be beneficial in protecting against PH in vivo because a
deficiency in MMP9 prevents depletion or dysfunction of proteins, contributing to key
aspects of vascular function such as the nitric oxide–guanylate cyclase pathway [18]. In
vascular smooth muscle cells, NO activates soluble guanylyl cyclase (sGC) and increases
cGMP to levels that increase cGMP-dependent protein kinase (PKG) activity, which is
kinase that regulates multiple mechanisms contributing to vasodilation [19]. Peroxynitrite,
the product of NO and superoxide anion, can cause a loss of the Fe2+-heme receptor site
on soluble guanylate cyclase (sGC) for NO, either by promoting sGC heme oxidation
(potentially causing a depletion of sGC), or by decreasing the availability of heme through
mitochondrial matrix superoxide, inhibiting heme biosynthesis by ferrochelatase [3].

While the acute treatment of pulmonary arteries isolated from SuHx mice with SOD
did not significantly improve relaxation to ACh, treatment with TEMPO promoted a statis-
tically significant, small partial restoration in the endothelium-independent vasodilatory
response to the 10−5 M dose of NONOate. This indicates a detectable potential role for the
removal of superoxide in regulating vascular relaxation by NO perhaps through an acute
attenuation of superoxide, resulting in increased bioavailability of NO in an intracellular
region not accessible to extracellular SOD. Consistent with these observations is evidence
by Sheak et al., reporting that TEMPOL reduced U-46619-induced vasoconstriction com-
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pared to control levels in neonatal chronic hypoxia-induced pulmonary hypertension [20].
Overall, our results demonstrate only a modest effect of acute superoxide scavenging of
NO, influencing its bioavailability. Although the impairment of vascular tone regulation
has been the foundation for many of the current treatments of PH by either enhancing
vasodilation or suppressing vasoconstriction pathways [21,22], alteration of vascular tone is
not the only pathogenic feature of vascular dysfunction in PH. Hence, it is also possible that
the hemodynamic improvements induced by the MMP9 loss in our study may be caused
by decreased inflammatory cell infiltration and edema, leading to a possible suppression
of the pathologic remodeling process, independent of its vasodilatory effect. Wang et al.
reported that MMP9 promoted a pro-inflammatory autocrine loop in VSMCs through
the regulation of cytokine expression mediated by fibrinogen [23], while another study
showed that MMP9 siRNA was successful in impairing a TNFα/NF-κB signaling pathway
in endothelial cells [24]. Our present study goes beyond previous reports by showing that
MMP9 contributes to the loss of the protective effect of COMP on BMPR2. Factors modulat-
ing the expression of BMPR2 are of particular importance because it is the most dominant
genetic mutation that is linked directly to patients of pulmonary hypertension [25]. In this
study, MMP9 KO mice treated with Sugen plus chromic hypoxia showed almost complete
prevention of the decreased BMPR2 levels observed in the wild-type mice exposed to the
same experimental protocol. These observations indicate that MMP9 activation contributes
to the loss of BMPR2 observed in this animal model of PH, either by direct interaction or
indirectly by cleaving proteins essential for stabilization and/or activation of BMPR2. We
have previously reported that COMP provides a protective effect against hypoxia-induced
BMPR2 depletion [2]. COMP is an essential molecule that functions to maintain healthy
vascular blood vessels. It plays a critical role in maintaining the contractile phenotype
of pulmonary arterial smooth muscle associated with suppression of hypoxia-induced
increases in superoxide production. Also, lung tissues from rodents exposed to chronic
hypoxia show reduced levels of COMP.

In the SuHx animal model, which exhibits a more severe form of pulmonary hyperten-
sion, there is an activation of MMP9-mediated cleavage of COMP and subsequently loss of
its stabilization of BMPR2. This compromised effect is possibly due to superoxide-related
inflammatory responses further promoting an induction of IL-6 and TNFα. Thus, our
study provides a possible mechanism for COMP depletion in vivo where COMP serves as
a substrate of MMP9 based on the findings from MMP9-deficient mice showing a preserved
expression of COMP when exposed to SuHx (Figure 4). Other matrix proteinases could
act to destabilize BMPR2 via a similar mechanism. A study by Hurst et al. reported that
ADAM10 and ADAM17 participated in BMPR2 cleavage in pulmonary artery smooth
muscle cells (PASMCs) which was mediated by TNFα [26]. Although they did not investi-
gate MMP9 activity in the previous study, other reports confirmed that TNFα is a potent
activator of MMP9 expression in different types of tissues [27].

MMP9 regulation is a complex process, and our in vitro study in endothelium-rubbed
BPA (Figure 5) documented a possible contribution of extracellular superoxide in modulat-
ing MMP9 levels in response to the PH mediators hypoxia and endothelin-1. Superoxide
can react with NO to produce peroxynitrite. The latter has been reported to control MMP9
activity through S-nitrosylation of cysteine thiols [28], and to disrupt the Zn-thiolate bond
in pro-MMP-9 leading to its activation [29]. Moreover, our data showed that pulmonary
arteries treated with ET-1 are presented with increased levels of mitochondrial matrix super-
oxide (Figure 6). This elevation can result from epigenetic or posttranslational suppression
of the mitochondrial superoxide dismutase (SOD2). A study conducted by Archer et al.
reported that SOD2 methylation is a potential mechanism for the development of PH.
Their data showed that SOD2 knockdown by siRNA was sufficient to create a PAH phe-
notype in normal PASMCs [30]. SIRT3 post-translationally maintains SOD2 activity via
deacetylation, significantly enhancing its ability to scavenge ROS [31]. Our findings showed
that endotelin-1 significantly decreased the expression of SIRT3 and SOD2 (Figure 6) in
pulmonary arteries. These detrimental effects seem to be mediated by the impairment of
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BMPR2 signaling pathways based on the results showing that FK506, a BMPR2 stabilizer,
successfully reversed these effects.

The activation of guanylate cyclase (GC) by NO leads to the formation of the second
messenger cGMP, which mediates various physiological processes in pulmonary arteries
and protective responses against vascular injury, promoting remodeling. NO activates sGC
by binding to the ferrous heme cofactor; hence, oxidative stress is a major factor influencing
enzyme activity. The observed significant elevation of mitochondrial superoxide (Figure 6a)
acutely reduces NO bioactivity through a loss of the Fe2+-heme receptor site on soluble
guanylate cyclase (sGC) for NO, either by promoting sGC heme oxidation (potentially caus-
ing a depletion of sGC), or by decreasing the availability of heme through mitochondrial
matrix superoxide, inhibiting heme biosynthesis [3]. Vascular studies with acute treatment
with TEMPO (Figure 3) showed that eliminating superoxide only modestly restored the NO
vasodilatory response. Thus, oxidation of the sGC heme and/or the observed depletion
of sGC may be major factors contributing to the loss of relaxation and beneficial effects of
NO-sGC-cGMP regulation in the models of PH examined in this study.

Interestingly, some studies showed that inhibiting MMP9 reversed the production
of ROS, indicating that MMP9 can act upstream of ROS generation [32,33]. In the same
manner, a decrease in MMP9 activity can cause a reduction in oxidative stress, probably via
a feedforward mechanism [34]. Altogether, the findings of our study support the induction
of MMP9 levels in response to specific PH mediators that contribute to many pathological
aspects observed in pulmonary arteries, as summerized in the proposed model shown
in Figure 7. The model illustrates how a depletion of BMPE2 via the elevation of MMP9
can contribute to a feedforward elevation of superoxide and pathophysiological processes
contributing to PH progression.

Figure 7. Schematic representation showing MMP9 proposed mechanisms involved in pulmonary
hypertension.

5. Conclusions

Collectively, our results cast a light on new aspects of how MMP9 functions in pul-
monary blood vessels and provide evidence for its critical role in vascular dysfunction. We
documented roles for superoxide, triggering a pathological feed-forward loop of MMP9 in-
duction associated with the loss of COMP and/or BMPR2 in pulmonary arteries, caused by
the incubation of PH mediators or in an animal model of PH. Disturbance of this pathologi-
cal loop at any level provides a tractable approach for therapeutic intervention. Although
our findings demonstrated that MMP9 deletion yields significantly better outcomes in
regard to PH development, a few limitations should be noted for our present study. Firstly,
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it is possible that MMP9 knockout may alter immune and inflammatory pathways as part
of its physiological response. Hence, further study is warranted to examine these effects
in MMP9 knockout mice. Secondly, future translational studies on humans are needed to
support a clinical application.
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