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Abstract: Pulmonary arterial hypertension (PAH) is a fatal disease without satisfactory
therapeutic options. By the time patients are diagnosed with this disease, the remodeling of
pulmonary arteries has already developed due to the abnormal growth of pulmonary vascular cells.
Therefore, agents that reduce excess pulmonary vascular cells have therapeutic potential. Bcl-2 is
known to function in an antioxidant pathway to prevent apoptosis. The present study examined the
effects of inhibitors of the anti-apoptotic proteins Bcl-2 and Bcl-xL. ABT-263 (Navitoclax), ABT-199
(Venetoclax), ABT-737, and Obatoclax, which all promoted the death of cultured human pulmonary
artery smooth muscle cells. Further examinations using ABT-263 showed that Bcl-2/Bcl-xL inhibition
indeed promoted apoptotic programmed cell death. ABT-263-induced cell death was inhibited
by antioxidants. ABT-263 also promoted autophagy; however, the inhibition of autophagy did
not suppress ABT-263-induced cell death. This is in contrast to other previously studied drugs,
including anthracyclines and proteasome inhibitors, which were found to mediate autophagy
to induce cell death. The administration of ABT-263 to rats with PAH in vivo resulted in the
reversal of pulmonary vascular remodeling. Thus, promoting apoptosis by inhibiting anti-apoptotic
Bcl-2 and Bcl-xL effectively kills pulmonary vascular smooth muscle cells and reverses pulmonary
vascular remodeling.
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1. Introduction

Pulmonary arterial hypertension (PAH) can affect males and females of any age, including
children and young adults. Despite the availability of approved drugs, PAH remains a fatal disease
without a cure [1,2]. Major pathogenic features that increase pulmonary vascular resistance include
the development of vascular remodeling, in which the pulmonary artery (PA) walls are thickened and
the lumens are narrowed or occluded. Increased resistance puts strain on the right ventricle, and heart
failure is the major cause of death among PAH patients [3,4]. If patients are not treated, the median
survival among PAH patients is 2.8 years from the time of diagnosis (three-year survival: 48%) [5,6].
Even with the currently available therapies, the prognosis remains poor; only 58–75% of patients
survive for three years [7–10]. The currently available drugs primarily elicit vasorelaxation, and their
ability to resolve pulmonary vascular remodeling is limited. PAH is a progressive disease, and by the
time patients are diagnosed, pulmonary vascular remodeling has already occurred. Thus, therapeutic
strategies that reverse pulmonary vascular remodeling should have a significant impact on health by
reducing the morbidity and mortality associated with this condition.

In this regard, our laboratory has established the concept of the apoptosis-based therapy to reverse
pulmonary vascular remodeling to treat PAH patients [11]. In rat models of PAH, our laboratory

Antioxidants 2018, 7, 150; doi:10.3390/antiox7110150 www.mdpi.com/journal/antioxidants

http://www.mdpi.com/journal/antioxidants
http://www.mdpi.com
http://www.mdpi.com/2076-3921/7/11/150?type=check_update&version=1
http://dx.doi.org/10.3390/antiox7110150
http://www.mdpi.com/journal/antioxidants


Antioxidants 2018, 7, 150 2 of 10

discovered that anti-cancer agents including the anthracycline, proteasome inhibitor, and taxane classes
of drugs reversed pulmonary vascular remodeling [12–14]. These drugs, however, were found to also
affect autophagy for the regulation of cell death. In addition to apoptosis, both anthracyclines [12]
and proteasome inhibitors [13] were found to promote autophagy, and the inhibition of autophagy
significantly attenuated the ability of these drugs to kill pulmonary artery smooth muscle cells
(PASMCs). Thus, the mechanisms of action of these drugs involve autophagic cell death in addition
to apoptotic cell death. On the other hand, a taxane anti-cancer drug, docetaxel, was found to
inhibit autophagy, and the inhibition of autophagy enhanced the docetaxel-induced cell death [14].
Thus, docetaxel appears to kill pulmonary vascular cells by suppressing the survival role of autophagy
since autophagy can serve as both a cell killing and cell survival mechanism [14].

Korsmeyer’s early work showed that Bcl-2 functions in an antioxidant pathway to prevent
apoptosis [15]. The Bcl-2 family of anti-apoptotic proteins includes Bcl-2 and Bcl-xL, and various
inhibitors of these proteins have been developed to promote apoptosis [16]. These drugs are expected to
be purer apoptosis-inducers compared to other classes of anti-cancer drugs. Thus, in the present study,
we tested the hypothesis that directly activating apoptosis using Bcl-2/Bcl-xL inhibitors is sufficient to
kill pulmonary artery smooth muscle cells and reverse pulmonary vascular remodeling.

2. Materials and Methods

2.1. Cell Culture Experiments

Human PASMCs purchased from ScienCell Research Laboratories (Carlsbad, CA, USA) were
cultured in accordance with the manufacturer’s instructions in 5% CO2 at 37 ◦C. Passages 3–6 were used.
For siRNA knockdown, cells were transfected with siRNA Transfection Reagent and test siRNA or
control siRNA with a scrambled sequence (Santa Cruz Biotechnology, Dallas, TX, USA) and used
for experiments 2 days later. Cells were treated with ABT-263 (Navitoclax), ABT-199 (Venetoclax),
ABT-737, or Obatoclax (Selleckchem, Houston, TX, USA) dissolved in dimethyl sulfoxide (DMSO).
Preliminary dose–response experiments determined the dose that produced an approximately 50%
decrease in the cell number. The same dose (1 µM) was tested for all the drugs for comparison. An equal
amount of DMSO (0.1%) was included as a control. The number of viable cells was determined by
counting on a hemocytometer or by using a Cell Counting Kit-8 (Dojindo Molecular Technologies,
Rockville, MD, USA).

2.2. Animal Experiments

In the present study, the SU5416/hypoxia model with pathologic features similar to those in
human PAH was used [12–14,17–20]. Male Sprague-Dawley CD rats and male Fischer CDF rats
(Charles River Laboratories, Wilmington, MA, USA) were injected with 20 mg/kg bodyweight of
SU5416 subcutaneously (MedChemExpress, Monmouth Junction, NJ, USA), subjected to sustained
hypoxia for 3 weeks, and then maintained in normoxia. For hypoxia, animals were placed in a chamber
regulated by an OxyCycler Oxygen Profile Controller (BioSpherix, Redfield, NY, USA) to maintain 10%
O2 with an influx of N2 gas [14,21]. After pulmonary hypertension and pulmonary vascular remodeling
were developed, the rats were injected with ABT-263 intraperitoneally. The dose of ABT-263 used was
similar to that used for other cancer drugs in our previously published studies [12–14].

The Georgetown University Animal Care and Use Committee approved all the
animal experiments, IACUC Protocol Number is 16-015-100266. Our investigation conformed to the
National Institutes of Health Guide for the Care and Use of Laboratory Animals.

2.3. Histological Measurements

Lung tissues were immersed in buffered 10% formalin at room temperature and were then
embedded in paraffin. The paraffin-embedded tissues were cut and mounted on glass slides, and tissue
sections were subjected to hematoxylin and eosin (H&E) and Verhoeff–Van Gieson stains to measure the
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pulmonary artery (PA) wall thickness and vessel diameter. For quantification, 13 vessels (30–100 µm
diameter) were analyzed per animal. Four values of the inner and outer diameters were obtained for
each vessel and the means were calculated. The wall thickness values (wall thickness divided by vessel
diameter) were calculated as percentages.

2.4. Western Blotting

Equal amounts of protein samples were electrophoresed through a reducing sodium dodecyl
sulfate polyacrylamide gel and electroblotted onto a nitrocellulose membrane (Bio-Rad Laboratories,
Hercules, CA, USA). The membrane was blocked with 5% non-fat milk or bovine serum
albumin and incubated with antibodies for LC3B (Cell Signaling Technology, Danvers, MA, USA),
p62 (Syd Labs, Inc., Malden, MA, USA), or glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
Santa Cruz Biotechnology, Dallas, TX, USA). The protein levels were detected using horseradish
peroxidase-linked secondary antibodies (Bio-Rad) and the Enhanced Chemiluminescence System
(GE Healthcare Life Science, Pittsburgh, PA, USA).

2.5. Fluorescence-Based Cell Assays for Apoptosis and Autophagy

Apoptosis was monitored using an Annexin V-enhanced green fluorescent protein (EGFP)
Apoptosis Staining/Detection Kit (Abcam, Cambridge, MA, USA) that detects the translocation
of the membrane phospholipid phosphatidylserine to the cell surface.

Autophagy was assessed using an Autophagy/Cytotoxicity Dual Staining Kit (Abcam)
that detects autophagic vacuoles with a fluorescent compound that is incorporated into
multilamellar bodies.

2.6. Statistical Analysis

Means and standard errors of mean (SEM) were computed. Two groups were compared by a
two-tailed Student’s t test, and differences between more than two groups were determined by the
analysis of variance (ANOVA). A p-value less than 0.05 was defined as being statistically significant.

3. Results

3.1. Bcl-2/Bcl-xL Inhibitors Promote the Death of PASMCs

To investigate the effects of Bcl-2/Bcl-xL inhibition on pulmonary vascular remodeling,
Bcl-2/Bcl-xL inhibitors including ABT-263, ABT-199, ABT-737, and Obatoclax were studied in cultured
human PASMCs. All tested drugs that were dissolved in DMSO at 1 µM significantly decreased the
number of cells when compared to control cells treated with an equal amount of DMSO (Figure 1A).
As expected, the inhibition of anti-apoptotic proteins Bcl-2/Bcl-xL promoted apoptotic programmed
cell death as indicated by a fluorescence-based assay that measures phospholipid phosphatidylserine by
staining with an EGFP fusion of annexin V (Figure 1B). The Cell Counting Kit-8 assay, which determines
the number of living cells by measuring the amount of formazan dye generated by dehydrogenase also
showed that the treatment of PASMCs with 1 µM ABT-263 for 24 h resulted in a significant decrease in
viable cells (Figure 2).

Since Bcl-2 has been shown to promote antioxidant pathways during its anti-apoptotic activity [15],
the inhibition of Bcl-2 and Bcl-xL may decrease the antioxidant activity, thus resulting in cell death.
Indeed, replacement with antioxidants such as ebselen (a selenium-containing glutathione peroxidase
mimetic that scavenges hydrogen peroxide) or deferoxamine (an iron chelator that inhibits the
Fenton reaction) effectively inhibited ABT-263-induced cell death (Figure 2).
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Figure 2. Effects of antioxidants on ABT-263-induced cell death. Human PASMCs were treated with 

ABT-263 (1 µM) with or without ebselen (20 µM) or deferoxamine (50 µM) for 24 h. The number of 

viable cells was monitored using the Cell Counting Kit-8 at absorbance 450 nm (A450). * denotes that 

the values were significantly different from each other at p < 0.05 (n = 8). 

Figure 1. Bcl-2/Bcl-xL inhibition promotes the apoptosis of human pulmonary artery smooth muscle
cells (PASMCs). (A) Human PASMCs were treated with various Bcl-2/Bcl-xL inhibitors at 1 µM for 24 h.
The cell number was determined by counting on a hemocytometer. An equal amount of dimethyl
sulfoxide (DMSO; 0.1%) was used as a vehicle control. The symbol * denotes that the value was
significantly different from the DMSO control at p < 0.05 (n = 3). (B) Human PASMCs were treated with
ABT-263 (1 µM) for 24 h. Apoptotic cells were assessed by a fluorescence-based assay that measured
phospholipid phosphatidylserine by staining with an EGFP fusion of annexin V. The symbol * denotes
that the value was significantly different from the DMSO control at p < 0.05.
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Figure 2. Effects of antioxidants on ABT-263-induced cell death. Human PASMCs were treated with
ABT-263 (1 µM) with or without ebselen (20 µM) or deferoxamine (50 µM) for 24 h. The number of
viable cells was monitored using the Cell Counting Kit-8 at absorbance 450 nm (A450). * denotes that
the values were significantly different from each other at p < 0.05 (n = 8).
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3.2. Autophagy Does Not Mediate Bcl-2/Bcl-xL-Inhibitor-Induced Cell Death

Our laboratory previously found that anti-cancer drugs such as daunorubicin, bortezomib,
carfilzomib, and MG-132 killed PASMCs, in part through autophagy-mediated cell death [12,13].
These drugs were found to promote autophagy and inhibit autophagy-blocked cell death. Similarly,
ABT-263 was also found to promote autophagy, as indicated by the increased LC3B-II and decreased
p62 (as monitored by Western blotting as shown in Figure 3A) and by detecting autophagic vacuoles
with a fluorescent compound that is incorporated into multilamellar bodies (Figure 3B). However,
in contrast with our earlier observations regarding other cell-killing drugs [12,13], ABT-263-induced
cell death was not attenuated by inhibiting autophagy through knocking down an essential autophagy
protein LC3B (Figure 4), suggesting that ABT-263-induced cell death does not mediate autophagic
cell death.
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Figure 3. ABT-263 promotes autophagy. Human PASMCs were treated with DMSO (0.1%) or ABT-263
(1 µM) for 24 h. (A) Cell lysates were subjected to Western blotting to monitor the LC3B-II and p62 levels.
The bar graph represents the mean ± standard error of the mean (SEM) of the protein levels determined
by densitometry expressed in an arbitrary unit (au). * denotes that the value was significantly different
from the DMSO control at p < 0.05 (n = 3). (B) Autophagy was assessed by the detection of autophagic
vacuoles with a green fluorescent compound that was incorporated into multilamellar bodies.
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Figure 4. The role of autophagy in the ABT-263-induced death of PASMCs. (A) Cells were transfected
with siRNA for microtubule-associated proteins 1A/1B light chain 3B (LC3B) or control siRNA.
Cells were then treated with DMSO or ABT-263 (1 µM), and the cell number was counted. (B) Western
blotting results demonstrating the extent of siRNA knockdown of LC3B expressed as the ratio of
LC3B to glycealdehyde 3-phosphate dehydrogenase (GAPDH) proteins. * denotes that values were
significantly different from each other at p < 0.05 (n = 4).

3.3. Bcl-2/Bcl-xL-Inhibition Reverses Pulmonary Vascular Remodeling in Rats

To test whether Bcl-2/Bcl-xL-inhibition can reverse pulmonary vascular remodeling in vivo,
the effects of ABT-263 on rats with already-developed pulmonary vascular remodeling were studied.
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To induce PAH and pulmonary vascular remodeling, rats were injected with SU5416 (a vascular
endothelial growth factor receptor inhibitor) and subjected to sustained hypoxia using a
well-established protocol that elicits pathological features similar to those in human PAH [12–14,17–20].
While Sprague-Dawley rats have been the most-commonly used strain for this model [12–14,17–19],
a recent study demonstrated that Fischer CDF rats can exhibit a more severe condition [20]; the present
study confirmed the findings using both of these strains.

The H&E stain results shown in Figures 5 and 6 (magnification ×1000) demonstrate the
remodeling of the small pulmonary vessels in the two strains of rats with PAH compared to the
normal small PAs in the control rats. The thicknesses of all three layers of the blood vessel—the intima,
the media, and the adventitia—were significantly increased. Histology data from the Sprague-Dawley
and Fischer rats with PAH showed complete occlusions of small PAs by concentric endothelial cell
proliferation, hypertrophy and hyperplasia of smooth muscle in the media layer, and an increase in
collagen deposition around the vessels. The ABT-263 treatment effectively reversed the pulmonary
vascular remodeling. The vessel wall thickness was reduced in both strains of rats, and the lumens of
the PAs were significantly greater (Figures 5 and 6, magnification ×1000).
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Figure 5. ABT-263 reverses pulmonary artery (PA) remodeling in Sprague-Dawley rats treated with
SU5416/hypoxia. Sprague-Dawley rats were treated with SU5416, subjected to sustained hypoxia for
three weeks, and then maintained in normoxia for five weeks. After pulmonary vascular remodeling
was developed, ABT-263 (5 mg/kg body weight) was then injected four times over a two-week period.
Lung tissues were immersed in buffered 10% formalin and embedded in paraffin for haematoxylin
and eosin (H&E) staining. Representative images at ×1000 and ×200 magnifications are shown.
The bar graph represents means ± SEM of % PA wall thickness (n = 5). * denotes that the values were
significantly different from each other at p < 0.05.
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Figure 6. ABT-263 reverses PA remodeling in Fischer rats treated with SU5416/hypoxia. Fischer
(CDF) rats were treated with SU5416 and sustained hypoxia (three weeks) and then maintained in
normoxia. After pulmonary vascular remodeling was developed, ABT-263 was then injected. The lungs
were harvested, immersed in buffered 10% formalin and embedded in paraffin for H&E staining.
Representative images at ×1000 and ×200 magnifications are shown. The bar graph represents means
± SEM of % PA wall thickness (n = 5). * denotes that the values were significantly different from each
other at p < 0.05.

Figures 5 and 6 (magnification ×200) show the lung sections of the Sprague-Dawley and Fischer
rats in the control, PAH and after ABT-263 treatment. In addition to pulmonary vascular remodeling
in PAH, the histology results revealed atelectasis and the emphysematous expansion of the alveoli as
well as a thickened alveolar septa due to the inflammatory infiltration. A perivascular inflammatory
infiltrate around the vessels was also observed. The treatment with ABT-263 normalized the remodeled
lung structure in PAH: the inflammatory infiltrate in the alveolar septa was significantly decreased,
and most of the lumens of alveoli were filled with air.

4. Discussion

The present study was designed to provide further information regarding the cell death
mechanisms in pulmonary vascular cells in order to facilitate the development of effective
apoptosis-based therapies to reverse pulmonary vascular remodeling for the treatment of PAH
patients [11]. We have previously reported that anti-tumor drugs capable of promoting the apoptosis
of cultured pulmonary vascular smooth muscle cells, including the anthracycline and proteasome
inhibitor class of drugs, reversed pulmonary vascular remodeling in the in vivo models of PAH [12,13].
The ability of these drugs to reduce pulmonary vascular thickening was specific to the pulmonary
vessels of animals with pulmonary vascular remodeling, while normal control pulmonary vessels
were unaffected, demonstrating the selectivity of this approach to killing cells of the diseased
pulmonary vasculature. Mechanistically, in the pulmonary vascular cells it was interesting to note
that both classes of these drugs not only promoted apoptosis but also mediated autophagic cell
death [12,13].
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Bcl-2 and Bcl-xL played major roles in regulating programmed cell death by serving as
anti-apoptotic proteins. These molecules can be inhibited by the Bcl-2 homology 3 (BH3)-only proteins
of the Bcl-2 family, resulting in apoptosis [22]. In this regard, BH3 mimetics have been developed to
inhibit the activity of Bcl-2 and Bcl-xL in order to promote apoptosis to kill unwanted cancer cells [23].
Since PAH has similar features as cancer, possessing abnormally grown, untoward cells that reduce
and/or occlude pulmonary vessels, the use of these agents may have a therapeutic benefit for the
treatment of PAH.

Here, we reported that in cultured human PASMCs, the BH3 mimetic drugs that inhibit
anti-apoptotic Bcl-2 and Bcl-xL—including ABT-263 (Navitoclax), ABT-199 (Venetoclax), ABT-737
and Obatoclax—promoted programmed cell death. BH3-mimetic-induced death appears to be
oxidant-dependent as it was blocked by antioxidants, confirming the antioxidant role of the Bcl-2 family
of anti-apoptotic proteins [15]. While our previous studies showed that cell death drugs including
anthracyclines and proteasome inhibitors promoted both apoptotic and autophagic cell death [12,13],
inhibiting autophagy did not attenuate the capacity of a BH3 mimetic to promote cell death. Thus,
Bcl-2/Bcl-xL inhibitors more strictly utilize apoptosis and do not mediate other types of programmed
cell death, especially autophagic cell death.

In the in vivo models of PAH, ABT-263 administration after the vascular remodeling caused the
reversal of the remodeled lesions with significantly increased lumen sizes. Thus, the inhibition of Bcl-2
and Bcl-xL by BH3 mimetics can effectively reverse pulmonary vascular remodeling. Sprague-Dawley
rats are the most commonly utilized strain for the SU5416/hypoxia model of PAH that exhibits
a vascular pathology similar to humans [12–14,17–19]. Fischer CDF rats have more recently been
shown to promote more severe PAH [20]. The present study showed the beneficial effects of ABT-263
in both of these strains of rats. In these experiments, ABT-263 was administered after the severe
pulmonary vascular remodeling was promoted. Thus, the improvement of the pathology must involve
the elimination of vascular structural cells such as smooth muscle cells. Our cell culture results are
consistent with the idea that ABT-263 directly targets smooth muscle cells. However, these experiments
cannot rule out the possibility that other cell types were targeted by ABT-263 to reverse pulmonary
vascular remodeling.

5. Conclusions

In summary, targeting the antioxidant pathway of the Bcl-2 family of apoptotic proteins is an
effective way to kill unwanted pulmonary vascular cells without mediating the autophagy process.
Further work is needed to address questions regarding which BH3 mimetics are effective in vivo,
what may be the most beneficial timing, dosing and the route of administration, as well as whether
these drugs exert side effects, in order to potentially use this class of drugs for the treatment of PAH.
Understanding the death and survival mechanisms of pulmonary vascular cells of remodeled vessels
should also provide information that will be useful for designing new strategies to reverse pulmonary
vascular remodeling.

Author Contributions: Conceptualization, Y.J.S. and N.V.S.; Methodology, V.R., Y.J.S. and N.V.S.; Software, V.R.,
Y.J.S. and N.V.S.; Validation, V.R., Y.J.S. and N.V.S.; Formal Analysis, V.R., Y.J.S. and N.V.S.; Investigation, V.R.,
Y.J.S. and N.V.S.; Resources, V.R., Y.J.S. and N.V.S.; Data Curation, V.R., Y.J.S. and N.V.S.; Writing—Original Draft
Preparation, V.R., Y.J.S. and N.V.S.; Writing—Review & Editing, V.R., Y.J.S. and N.V.S.; Visualization, V.R., Y.J.S.
and N.V.S.; Supervision, Y.J.S. and N.V.S.; Project Administration, Y.J.S.; Funding Acquisition, Y.J.S.

Funding: This work was supported in part by a National Institutes of Health (NIH) grant (R01HL72844) to Y.J.S.
The content is solely the responsibility of the authors and does not necessarily represent the official views of
the NIH.

Conflicts of Interest: The authors declare no conflict of interest.



Antioxidants 2018, 7, 150 9 of 10

References

1. Fallah, F. Recent strategies in treatment of pulmonary arterial hypertension, a review. Glob. J. Health Sci.
2015, 7, 307–322. [CrossRef] [PubMed]

2. Rosenkranz, S. Pulmonary hypertension 2015: Current definitions, terminology, and novel treatment options.
Clin. Res. Cardiol. 2015, 104, 197–207. [CrossRef] [PubMed]

3. Delcroix, M.; Naeije, R. Optimising the management of pulmonary arterial hypertension patients: Emergency
treatments. Eur. Respir. Rev. 2010, 19, 204–211. [CrossRef] [PubMed]

4. McLaughlin, V.V.; Shah, S.J.; Souza, R.; Humbert, M. Management of pulmonary arterial hypertension.
J. Am. Coll. Cardiol. 2015, 65, 1976–1997. [CrossRef] [PubMed]

5. D’Alonzo, G.E.; Barst, R.J.; Ayres, S.M.; Bergofsky, E.H.; Brundage, B.H.; Detre, K.M.; Fishman, A.P.;
Goldring, R.M.; Groves, B.M.; Kernis, J.T.; et al. Survival in patients with primary pulmonary hypertension.
Results from a national prospective registry. Ann. Intern. Med. 1991, 115, 343–349. [CrossRef] [PubMed]

6. Runo, J.R.; Loyd, J.E. Primary pulmonary hypertension. Lancet 2003, 361, 1533–1544. [CrossRef]
7. Benza, R.L.; Miller, D.P.; Frost, A.; Barst, R.J.; Krichman, A.M.; McGoon, M.D. Analysis of the lung allocation

score estimation of risk of death in patients with pulmonary arterial hypertension using data from the
REVEAL Registry. Transplantation 2010, 90, 298–305. [CrossRef] [PubMed]

8. Humbert, M.; Sitbon, O.; Yaïci, A.; Montani, D.; O’Callaghan, D.S.; Jaïs, X.; Parent, F.; Savale, L.; Natali, D.;
Günther, S.; et al. French Pulmonary Arterial Hypertension Network. Survival in incident and prevalent
cohorts of patients with pulmonary arterial hypertension. Eur. Respir. J. 2010, 36, 549–555. [CrossRef]
[PubMed]

9. Thenappan, T.; Shah, S.J.; Rich, S.; Tian, L.; Archer, S.L.; Gomberg-Maitland, M. Survival in pulmonary
arterial hypertension: A reappraisal of the NIH risk stratification equation. Eur. Respir. J. 2010, 35, 1079–1087.
[CrossRef] [PubMed]

10. Olsson, K.M.; Delcroix, M.; Ghofrani, H.A.; Tiede, H.; Huscher, D.; Speich, R.; Grünig, E.; Staehler, G.;
Rosenkranz, S.; Halank, M.; et al. Anticoagulation and survival in pulmonary arterial hypertension: Results
from the Comparative, Prospective Registry of Newly Initiated Therapies for Pulmonary Hypertension
(COMPERA). Circulation 2014, 129, 57–65. [CrossRef] [PubMed]

11. Suzuki, Y.J.; Nagase, H.; Wong, C.M.; Kumar, S.V.; Jain, V.; Park, A.M.; Day, R.M. Regulation of Bcl-xL

expression in lung vascular smooth muscle. Am. J. Respir. Cell. Mol. Biol. 2007, 36, 678–687. [CrossRef]
[PubMed]

12. Ibrahim, Y.F.; Wong, C.M.; Pavlickova, L.; Liu, L.; Trasar, L.; Bansal, G.; Suzuki, Y.J. Mechanism of the
susceptibility of remodeled pulmonary vessels to drug-induced cell killing. J. Am. Heart Assoc. 2014, 3,
e000520. [CrossRef] [PubMed]

13. Wang, X.; Ibrahim, Y.F.; Das, D.; Zungu-Edmondson, M.; Shults, N.V.; Suzuki, Y.J. Carfilzomib reverses
pulmonary arterial hypertension. Cardiovasc. Res. 2016, 110, 188–199. [CrossRef] [PubMed]

14. Ibrahim, Y.F.; Shults, N.V.; Rybka, V.; Suzuki, Y.J. Docetaxel reverses pulmonary vascular remodeling by
decreasing autophagy and resolves right ventricular fibrosis. J. Pharmacol. Exp. Ther. 2017, 363, 20–34.
[CrossRef] [PubMed]

15. Hockenbery, D.M.; Oltvai, Z.N.; Yin, X.M.; Milliman, C.L.; Korsmeyer, S.J. Bcl-2 functions in an antioxidant
pathway to prevent apoptosis. Cell 1993, 75, 241–251. [CrossRef]

16. Perini, G.F.; Ribeiro, G.N.; Pinto Neto, J.V.; Campos, L.T.; Hamerschlak, N. BCL-2 as therapeutic target for
hematological malignancies. J. Hematol. Oncol. 2018, 11, 65. [CrossRef] [PubMed]

17. Taraseviciene-Stewart, L.; Kasahara, Y.; Alger, L.; Hirth, P.; Mc Mahon, G.; Waltenberger, J.; Voelkel, N.F.;
Tuder, R.M. Inhibition of the VEGF receptor 2 combined with chronic hypoxia causes cell death-dependent
pulmonary endothelial cell proliferation and severe pulmonary hypertension. FASEB J. 2001, 15, 427–438.
[CrossRef] [PubMed]

18. Oka, M.; Homma, N.; Taraseviciene-Stewart, L.; Morris, K.G.; Kraskauskas, D.; Burns, N.; Voelkel, N.F.;
McMurtry, I.F. Rho kinase-mediated vasoconstriction is important in severe occlusive pulmonary arterial
hypertension in rats. Circ. Res. 2007, 100, 923–929. [CrossRef] [PubMed]

19. Abe, K.; Toba, M.; Alzoubi, A.; Ito, M.; Fagan, K.A.; Cool, C.D.; Voelkel, N.F.; McMurtry, I.F.; Oka, M.
Formation of plexiform lesions in experimental severe pulmonary arterial hypertension. Circulation 2010,
121, 2747–2754. [CrossRef] [PubMed]

http://dx.doi.org/10.5539/gjhs.v7n4p307
http://www.ncbi.nlm.nih.gov/pubmed/25946920
http://dx.doi.org/10.1007/s00392-014-0765-4
http://www.ncbi.nlm.nih.gov/pubmed/25479818
http://dx.doi.org/10.1183/09059180.00004910
http://www.ncbi.nlm.nih.gov/pubmed/20956193
http://dx.doi.org/10.1016/j.jacc.2015.03.540
http://www.ncbi.nlm.nih.gov/pubmed/25953750
http://dx.doi.org/10.7326/0003-4819-115-5-343
http://www.ncbi.nlm.nih.gov/pubmed/1863023
http://dx.doi.org/10.1016/S0140-6736(03)13167-4
http://dx.doi.org/10.1097/TP.0b013e3181e49b83
http://www.ncbi.nlm.nih.gov/pubmed/20559158
http://dx.doi.org/10.1183/09031936.00057010
http://www.ncbi.nlm.nih.gov/pubmed/20562126
http://dx.doi.org/10.1183/09031936.00072709
http://www.ncbi.nlm.nih.gov/pubmed/20032020
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.004526
http://www.ncbi.nlm.nih.gov/pubmed/24081973
http://dx.doi.org/10.1165/rcmb.2006-0359OC
http://www.ncbi.nlm.nih.gov/pubmed/17272823
http://dx.doi.org/10.1161/JAHA.113.000520
http://www.ncbi.nlm.nih.gov/pubmed/24572252
http://dx.doi.org/10.1093/cvr/cvw047
http://www.ncbi.nlm.nih.gov/pubmed/26952044
http://dx.doi.org/10.1124/jpet.117.239921
http://www.ncbi.nlm.nih.gov/pubmed/28760737
http://dx.doi.org/10.1016/0092-8674(93)80066-N
http://dx.doi.org/10.1186/s13045-018-0608-2
http://www.ncbi.nlm.nih.gov/pubmed/29747654
http://dx.doi.org/10.1096/fj.00-0343com
http://www.ncbi.nlm.nih.gov/pubmed/11156958
http://dx.doi.org/10.1161/01.RES.0000261658.12024.18
http://www.ncbi.nlm.nih.gov/pubmed/17332430
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.927681
http://www.ncbi.nlm.nih.gov/pubmed/20547927


Antioxidants 2018, 7, 150 10 of 10

20. Jiang, B.; Deng, Y.; Suen, C.; Taha, M.; Chaudhary, K.R.; Courtman, D.W.; Stewart, D.J. Marked strain-specific
differences in the SU5416 rat model of severe pulmonary arterial hypertension. Am. J. Respir. Cell. Mol. Biol.
2016, 54, 461–468. [CrossRef] [PubMed]

21. Park, A.; Wong, C.; Jelinkova, L.; Liu, L.; Nagase, H.; Suzuki, Y.J. Pulmonary hypertension-induced GATA4
activation in the right ventricle. Hypertension 2010, 56, 1145–1151. [CrossRef] [PubMed]

22. Billard, C. BH3 mimetics: Status of the field and new developments. Mol. Cancer Ther. 2013, 12, 1691–1700.
[CrossRef] [PubMed]

23. Delbridge, A.R.; Strasser, A. The BCL-2 protein family, BH3-mimetics and cancer therapy. Cell. Death Differ.
2015, 22, 1071–1080. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1165/rcmb.2014-0488OC
http://www.ncbi.nlm.nih.gov/pubmed/26291195
http://dx.doi.org/10.1161/HYPERTENSIONAHA.110.160515
http://www.ncbi.nlm.nih.gov/pubmed/21059997
http://dx.doi.org/10.1158/1535-7163.MCT-13-0058
http://www.ncbi.nlm.nih.gov/pubmed/23974697
http://dx.doi.org/10.1038/cdd.2015.50
http://www.ncbi.nlm.nih.gov/pubmed/25952548
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cell Culture Experiments 
	Animal Experiments 
	Histological Measurements 
	Western Blotting 
	Fluorescence-Based Cell Assays for Apoptosis and Autophagy 
	Statistical Analysis 

	Results 
	Bcl-2/Bcl-xL Inhibitors Promote the Death of PASMCs 
	Autophagy Does Not Mediate Bcl-2/Bcl-xL-Inhibitor-Induced Cell Death 
	Bcl-2/Bcl-xL-Inhibition Reverses Pulmonary Vascular Remodeling in Rats 

	Discussion 
	Conclusions 
	References

