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Abstract 

Background. Prothymosin  (ProT) is a cell survival gene which modulates oxidative stress 

and transforming growth factor (TGF)- signaling. We hypothesized that the delivery of the 

prothymosin α (ProT) cDNA gene in rats could protect against right heart dysfunction secondary to 

pulmonary hypertension (PH) induced by left-to-right shunt. 

Methods. A two-hit rat model of flow-induced PH was used, and a single intravenous injection of 

adenoviral vectors (2 × 10
9
 plaque forming unit) carrying ProT or luciferase gene was administered. 

The animals were euthanized 21 days after gene delivery to assess cardiopulmonary function, serum 

biochemistry, pulmonary artery (PA) and vasomotor reactivity. Immunohistology and immunoblotting 

of PA tissues was also performed. 

Results. ProT transduction significantly reduced PA pressure, right ventricle muscle mass, and wall 

stress, thereby improving the overall survival of the treated rat. Increased production of ProT through 

gene therapy preserved both the smooth muscle myosin heavy chain-II and α-smooth muscle actin, 

while counteracting the abundance of TGF-β in PA. Protein abundances of phosphorylated p47-phox, 

heme oxygenase-1, caspase-3, inducible nitric oxide synthase, cyclo-oxygenase 2, and monocyte 

chemoattractant protein-1 in PA tissues were reduced. ProT also preserved microRNA-223, thereby 

suppressing the abundance of poly(ADP-ribose)polymerase-1, which is independent of hypoxia 

inducible factor-1α signaling.  

Conclusions. ProT gene transduction improved PA function by reducing oxidative stress, attenuating 

inflammation, and preserving the contractile phenotype of vascular smooth muscle cells. The 

modification of microRNA–223-associated downstream signaling through ProT transduction may 

play an important role in mitigating cardiopulmonary remodeling in flow-induced PH. 

 

 

Key words: flow-induced pulmonary hypertension; Prothymosin α; microRNA-223 
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Introduction 

Patients with intracardiac left-to-right shunt, such as those with atrial septal defects, have a 3–

5% increased risk of developing pulmonary arterial hypertension (PAH) if left untreated.
1
 Despite the 

availability of modern medications for PAH, the procedure for intracardiac left-to-right shunt 

continues to carry an increased risk.
2, 3

 In addition, the repair of congenital defects alone does not 

warrant regression of pulmonary hypertension (PH).
4
 Advances in targeted medical therapy or its 

combination with the closure of left-to-right shunt improves the survival of PAH patients, although 

the disease remains fatal.
5, 6

 Therefore, the development of effective therapies for PAH remains an 

unmet medical need.
5
  

The polypeptide prothymosin α (ProT) contains 109–113 amino acids and is highly conserved in 

eukaryotes.
7
 Previously, we showed that ProT gene transfer using adenoviral vectors preserved nitric 

oxide (NO)-mediated signaling and enhanced the expression of heme oxygenase (HO)-1 in aorta 

tissue of Apolipoprotein E
-/-

 mice.
8
 As a multifunctional protein, ProT is reported to be involved in 

cell survival and differentiation.
9
 In addition, our previous study, employing a pulmonary emphysema 

mouse model, revealed that ProT is involved in the inhibition of transforming growth factor (TGF)- 

signaling.
10

 TGF- is an important mediator involved in modulating the differentiation of mature 

vascular smooth muscle cells (VSMC) in PAH and pulmonary fibrosis.
11, 12

 However, the potential 

role of ProT has yet to be determined in PAH.  

In this study, we hypothesized that the administration of ProT through gene delivery might 

protect rats against right heart failure caused by left-to-right shunt-induced PH. Moreover, considering 

that pre-clinical gene therapy and epigenetic control studies using micro-ribonucleic acids (RNAs) 

showed promising therapeutic effects,
5, 11

 we sought to elucidate the role of ProT transduction therapy 

in a flow-induced PH rat model. 
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Materials and Methods 

Animal model 

Age-matched, young male Sprague–Dawley rats, weighing 200–250 g, were kept in an animal house 

with a 12h/12h light/dark cycle. They were provided a standard chow diet and water ad libitum. All 

procedures were performed in accordance with the guidelines of the Animal Care and Use Committee 

of National Cheng Kung University, Taiwan. Aortocaval fistula, or left-to-right shunt, was induced as 

described previously.
13

 On day (d)21 post-treatment, the rats were euthanized with pentobarbital 

sodium (250 mg/kg ip). 

Induction of modified flow-induced pulmonary vascular change in rats  

A single dose of monocrotaline (Oakwood Products, Inc., USA; 60 mg/kg) was subcutaneously 

injected to each rat. Aortocaval fistula surgery was performed after 7 days.
13, 14

 The animals would 

develop symptoms of dyspnea and heart failure within 4 weeks after the monocrotaline injection as 

described previously.
13, 14

  

Construction of adenoviral vectors  

Detailed information is described in supplementary material. In brief, to generate a recombinant 

adenovirus, the adenoviral transfer vector pAd5L-ProT and the adenoviral type 5 genomic vector 

were cotransfected into 293 cells by calcium phosphate precipitation. Recombinant adenovirus 

encoding firefly luciferase, designated AdLuc, was used as the control virus.
8, 15, 16

  

Treatment protocol 

Rats were randomly allocated into two groups, i.e., PH group, treated with AdLuc, and PH+ProT 

group, treated with AdProT, d21 after the induction of aortocaval fistula (Figure S1). A single shot of 

the adenoviral vectors (2 x 10
9
 plaque forming unit) in 50 μL phosphate-buffered saline (PBS) was 

administered to each rat through the internal jugular vein.
8
 The dose was determined from our 

previous atherosclerosis study.
8
 Another group of rats, the sham group, were composed of normal rats 

that received a single injection of PBS. 

Hemodynamic measurements and vasomotor function assessment 

Echocardiography 

Transthoracic echocardiography was performed in anesthetized rats before euthanasia using 
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ACUSON X300 Premium Edition (Siemens Ultrasound System, USA) with a 9.2 MHz probe (P9-4 

phased array transducer, Siemens Medical Solutions, USA).
13, 17

  

Invasive hemodynamic assessment 

Pressure measurements of the right ventricle (RV) and left ventricle (LV) were performed under 

anesthesia using isoflurane (2–3% v/v in oxygen) as previously described.
13

 The RV end-systolic 

pressure (RVESP) was used as a surrogate indicator of pulmonary artery (PA) pressure.
13, 18

 The rats 

were euthanized after invasive hemodynamic measurements, and their hearts and lungs were removed 

en bloc for analysis as described previously.
19

 

RV morphological analysis 

The hearts of the rats were dissected to isolate the free wall of the RV from the LV and septum. The 

RV/LV+septum muscle ratio was designated as the index (Fulton index) of RV hypertrophy.
13

  

Quantitative analysis of serum biochemistry 

Blood samples were collected before euthanasia for further analysis. Blood glucose, triglyceride, 

cholesterol, aspartate transaminase (AST), alanine transaminase (ALT), blood urea nitrogen (BUN), 

and creatinine levels were analyzed using colorimetric assays (ADVIA 1800 Chemistry System, 

Siemens).
20

 Enzyme-linked immunosorbent assay (ELISA) detection kits were used according to the 

manufacturer’s instructions to measure serum brain natriuretic peptide (BNP; AssayMax®, Assaypro 

LLC, USA) and ProT (FineTest®, Wuhan Fine BiotechCo.,Ltd., China) concentrations. 

Pulmonary artery and tissue preparation  

Vasomotor reactivity 

The main PA rings (~3 mm in length) were mounted on organ chambers containing 25 mL of Krebs 

solution as previously described.
21

 

Histology of pulmonary arteries and arterioles 

The detailed processing of PA and lung tissue samples are described in the supplementary material. 

For the main PA tissues, the media thickness ratio, defined as media thickness divided by the 

thickness of the whole artery, was used to evaluate medial hyperplasia. The intra-acinar pulmonary 

arterioles, defined as vessels with diameters < 150 μm,
22

 were also evaluated to determine the medial 
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thickness area as previously described.
13

  

Immunohistochemistry and in situ hybridization 

Immunohistochemistry (IHC) was performed in the prepared tissue sections using the Bond-Max 

Automated IHC stainer (Leica Biosystems Newcastle Ltd., Australia). The sections were incubated 

with rabbit anti-ProT (1:200 dilution) at 25 °C for 30 min and counterstained with hematoxylin. 

Tissue in situ hybridization (ISH) was stained with microRNA (miR)-223-3p (sequence 5'-ggg gta ttt 

gac aaa ctg aca-3') probe (BioTnA, Kaohsiung, Taiwan), and the expression levels were determined 

using the Biospot ISH detection kit (TASH01D, BioTnA, Kaohsiung, Taiwan). Quantification was 

performed using ImageJ software (National Institutes of Health, Rockville, Md). 

Western blot analysis 

Soluble protein (50 g) extracted from PA were prepared for incubation with the appropriate primary 

antibodies as previously described.
23

 Detailed methods for immunoblotting analysis are described in 

supplementary materials.  

Statistical analysis 

Unless specified, data are presented as the mean ± standard deviation (SD). Detailed statistical 

methods are described in supplementary materials. Statistical significance was accepted at P < 0.05. 

All statistical analyses were performed using the SigmaPlot 14.0 (Systat Software Inc., San Jose, CA). 
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Results 

ProT gene transduction reduces right ventricular wall stress and improves overall survival.  

The overall survival of PH rats on d21 after treatment was 30.77 ± 3.70%, whereas that with the ProT 

gene transduction was significantly improved to 64.71 ± 2.94% (P = 0.04; Figure 1A). RV 

hypertrophy was significantly observed using Fulton index in PH rats. Meanwhile, ProT gene 

transduction attenuated the RV muscle mass in the PH group (Figure 1B). Consistent with these 

morphological findings, serum BNP levels were reduced (Figure 1C). 

Serum ProT, biochemistry, and body weight changes after gene transduction.  

There were no significant changes in PH rats in terms of serum levels of ProT, which were 

significantly elevated on d21 after gene transduction (P < 0.001, Figure S2). A significant regain of 

body weight was found in the treatment group (P = 0.004). Among PH rats, a significant elevation in 

serum BUN and AST levels was observed, and both were significantly recovered in the treatment 

group (P < 0.001 and P = 0.002, respectively; Table S1).  

ProT gene transduction attenuates the remodeling of PA and RV. Echocardiography showed the 

remodeling of the main PA due to the left-to-right shunt in the PH group (Table 1 and Figure S3). 

Meanwhile, transduction of the ProT gene attenuated the dilated remodeling and the peak blood flow 

velocity of PA (P < 0.001). Moreover, ProT reversed the dilatation in the RV, along with a decreased 

peak flow velocity across the tricuspid valve (P < 0.001 and P = 0.002, respectively). There were no 

statistically significant changes in the left ventricular ejection fraction after treatment. 

Invasive hemodynamic data showed no statistically significant differences in heart rate, left 

ventricle end-systolic pressure (LVESP), or left and right ventricle end-diastolic pressures (LVEDP, 

RVEDP) on the day of euthanasia (Table S2). A significant elevation in RVESP was found in the 

control group (71.21 ± 13.2 mmHg vs 21.44 ± 7.41 mmHg in sham; P < 0.001). Transduction of ProT 

reduced RVESP (54.16 ± 8.13 mmHg vs 71.21 ± 13.2 mmHg; P = 0.008). Since the pulmonary 

arterial pressure correlates with systemic pressure;
24

 to avoid reading interference we included the 

ratio of the mean right ventricular pressure and the mean left ventricular pressure (mRV/mLV) to 

show the degree of PH. This ratio was significantly reduced in the treatment group (Table S2; P < 

0.001). 
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ProT preserves the endothelial function and attenuates pathological contractions in PA of PH rats.  

The contractions to potassium chloride (KCl, 40 mM) and phenylephrine (PE, 10
-9

–10
-5

 M) were 

significantly increased in PH rats (Figure 2A), whereas ProT transduction significantly attenuated the 

maximum non-selective (to KCl) and selective (to PE, α1-agonist) contractions (Figure 2A, 2B). 

There was a decrease in tension responses to PE in the PA of the ProT group, Figure 2B. However, 

the concentration for 50% of the maximal effect of PE was not significantly changed (Figure 2C). 

Endothelium-dependent relaxation to acetylcholine were significantly impaired in PH rats, and the 

relaxation response curve shifted to the left in the treatment group at concentrations greater than 

10
-6

M (P < 0.05; Figure 2D). 

ProT reduces the medial thickness in PA and arterioles of PH rats.  

There was a significant media thickening of the major PA (P = 0.045) and intra-acinar arterioles of PH 

animals (P < 0.001; Figure 3). Gene transduction with ProT showed a significantly reduced thickness 

in the media layer of PA (P = 0.034) and arterioles (P < 0.001). 

ProT reverses de-differentiation of VSMC in PA. 

Immunoblotting analysis of PA tissues showed that the abundance of proteins representative of the 

contractile phenotype in VSMC, including α- smooth muscle actin (SMA) and smooth muscle myosin 

heavy chain (SM-MHC) class II, were reduced in PH rats (Figure 4). In contrast, increased matrix 

metalloproteinase (MMP)-2 protein abundance was observed in PH animals. ProT transduction 

preserved the contractile protein abundance, however, reduced the expression of their counterpart 

protein. The mobilization of TGF-β, which enhanced VSMC de-differentiation, was observed in PH 

animals, while there was a significant reduction in TGF-β in PA tissues of the treatment group (Figure 

4A and 4E). 

ProT exhibits anti-oxidative and anti-inflammatory responses in PA tissue. Oxidative stress 

associated protein abundances of phosphorylated (p)-p47-phox, HO-1, and Kelch-like 

ECH-associated protein (KEAP)-1, along with caspase 3 were significantly increased in the PA of PH 

rats, however, were reduced in the treatment group (Figure 5). There was an increased protein 

abundance of endothelial nitric oxide synthase (eNOS) in PH animals partly due to the persistently 

high shear stress to PA from the left-to-right shunt (Figure 6A and 6B). Immunoblotting analysis of 
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PA tissues from PH rats showed enhanced levels of inflammatory marker proteins, including 

inducible nitric oxide synthase (iNOS), cyclooxygenase (COX)-2, and monocyte chemoattractant 

protein (MCP)-1, which were suppressed after transduction with the ProT gene (Figure 6). 

ProT reduces poly(ADP-ribose)polymerase (PARP)-1 in PA tissues, which is independent of 

hypoxia inducible factor (HIF)-1α signaling.  

Increased ProT expression was observed in PA tissues, which was associated with PH (Figure 7A). 

Transduction with ProT further induced a significant increase in ProT tissue expression (P = 0.006; 

Figure 7A and B). Meanwhile, the expression of miR-223 was detected in PA tissues of sham rats 

(Figure 7A and C), and a significant reduction in miR-223 expression was found in PH animals. In 

contrast, treatment with ProT retained miR-223 expression (P < 0.001). Immunoblotting analysis of 

PA tissues of PH rats showed increased protein abundance of PARP-1, which was reduced in the 

treatment group (Figure 7D). HIF-1α, which enhances PARP-1 expression through the inhibition of 

miR-223, was significantly increased in PH animals (Figure 7D and E). However, ProT did not 

attenuate the abundances of HIF-1α in PA tissues. 

 

                  



11 
 

Discussion 

Our study showed that intravenous ProT gene delivery reduced PA pressure and reversed 

hypertrophic remodeling in both PA and RV in flow-induced PH rats, while significantly improving 

survival rates. Among the five groups of PH in the World Health Organization’s classification, 

flow-induced PH belongs to group 1. Although numerous studies have investigated the pathogenesis 

of group 1 PAH, only a few have focused on the flow-induced (or congenital heart disease) subgroup. 

In our previous report, this clinically relevant “two-hit” PH model was found to induce the 

de-differentiation of VSMCs, significantly contributing to the flow-induced cardiovascular 

pathology.
13

 Transduction of ProT attenuated VSMC de-differentiation, thereby reversing PA 

remodeling. Histological findings confirmed a significant reduction in medial thickening of both 

major and resistant PA. Overall, our findings demonstrate that ProT may be a potential therapeutic 

marker gene for the treatment of flow-induced PH. 

Oxidative stress in PA might result in a vicious cycle causing induced endothelial dysfunction.
25

. 

In the current study, vasomotor functional analysis showed that treatment with the ProT gene partly 

preserved endothelial function. Specifically, contraction responses to α-agonist and KCl were 

significantly normalized in PA transduced with ProT gene therapy. Therefore, we speculated that the 

reverse-remodeling of the PA medial layer, rather than preservation of the endothelial function, is the 

major mechanism responsible for relieving PH.  

De-differentiated VSMCs, characterized by proliferation, migration, and loss of contractile 

proteins, play a pivotal role in PA remodeling in PAH.
13, 26

 TGF-β was identified to play an important 

role in directing VSMCs toward differentiation in major vessels.
12

 Consistent with previous studies in 

PAH involving PA from the human tissue and animal models,
11, 12, 26

 we also observed up-regulation of 

TGF-β. Interestingly, the overexpression of TGF-β was found in conjunction with proliferation of 

de-differentiated PA smooth muscle cells both in vitro and in vivo.
12, 26

 Zabini D. et al. proposed that 

the down-regulation of SMAD3, followed by disinhibition of post-translational signal responses under 

chronic stress from PH, could contribute to these conflicting findings.
26

 They further reported an 

increase in α-SMA expression in differentiated VSMCs under prolonged mobilization of TGF-β in 
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lung tissues of PAH patients and in both pre-clinical rat models of monocrotaline- and 

hypoxia-induced PH.
26

 However, α-SMA is non-specific for VSMCs and could be identified in other 

lung tissue cell types, such as endothelial cells and fibroblasts under pathological stress or TGF-β 

stimulation.
27

 Therefore, we investigated PA rather than lung tissues in this study, and observed 

down-regulation of contractile proteins, including α-SMA and SM-MHC II. The up-regulation of 

MMP2 also supports VSMC de-differentiation in our flow-induced PH model. The observed reduction 

in TGF-β abundances in the ProT group could be a consequence of the attenuated PH after treatment. 

Therefore, we speculate that oxidative stress overload and inflammation responses, rather than TGF-β 

mobilization, equally contribute to the remodeling of PA in flow-induced PH. However, we were 

unable to exclude the possibility of differences in pathophysiology between flow-induced PH and 

other PH models simulating clinical group 1 PH category. 

Young L. et al showed in transgenic mice that overexpression of miR-223 induces hypertrophy 

of cardiomyocytes.
28

 Our unpublished data involving a transgenic mice model and emphysema 

patients showed that ProT could enhance miR-223 expression in pulmonary tissues. Moreover, 

Meloche J. et al reported that the activation of reactive oxygen species inhibited miR-223 through 

HIF-1α–mediated signaling.
29

 The expression of PARP-1, originally inhibited by miR-223, was 

up-regulated, thereby inducing the de-differentiation of VSMCs in vitro.
29

 Our study showed that 

HIF-1α was activated in the PA of PH rats, with and without ProT delivery. We would therefore 

expect a suppressed miR-223 expression in both groups. However, miR-223 was up-regulated, 

whereas PARP-1 was downregulated in the treatment group. In addition, inflammatory responses were 

inhibited, which is consistent with the down-regulation of PARP-1 after ProT transduction.
30

 Overall, 

we propose that responsive ProT protein mobilization failed to attenuate cardiopulmonary remodeling 

in flow-induced PH. Gene therapy significantly increased ProT expression, which inhibited PARP-1 

through the mobilization of miR-223 in PA tissues. Such a mechanism may be independent of HIF-1α 

up-regulation and may contribute to the phenotype switching of VSMC toward the differentiated 

status. 

Certain limitations are noted regarding extrapolating the results of this study in flow-induced PH. 

For instance, although this two-hit rat model mimicked human subjects with PAH,
13, 14

 flow-induced 
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PAH in humans is induced primarily by congenital heart diseases, which have a different 

pathophysiology from this adolescent rat model.
13

 In addition, we did not evaluate the long-term 

effects of gene delivery which is important as off-target biological responses, such as the formation of 

neoplasm in other replicative organs, remain a safety concern in gene therapy. The efficacy of gene 

delivery in the pulmonary vascular system using intravenous injection was also not assessed; therefore, 

the optimal dose of ProT-adenoviral vectors in different body sizes was not justified. 

In summary, we showed that ProT gene delivery reduced oxidative stress, inhibited 

inflammation, and attenuated apoptosis in the pulmonary vasculature of flow-induced PH rats. The 

successful transduction of ProT through intravenous injection of AdProT vectors up-regulated 

miR-223 and downregulated PARP-1. Furthermore, restoration of VSMC from a synthetic to 

contractile phenotype was observed following treatment with ProT in PA, which reversed its 

remodeling; meanwhile attenuation of pulmonary pressure reduced RV afterload and attenuated RV 

remodeling. Most importantly, ProT gene therapy improved the overall survival of rats suffering from 

flow-induced PH. This study presents a potential target for gene therapy for RV failure secondary to 

flow-induced PH. 
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Figure Legends 

 

Figure 1. Survival and right ventricle (RV) hypertrophy indices. A. Kaplan–Meier survival of 

flow-induced pulmonary hypertension (PH) with luciferase (Luc) or prothymosin α (ProT) gene 

delivery. A total of 51 animals were used for survival analysis, and 30 of them survived to the 

time-point when animals were randomly assigned to receive treatment. *P = 0.04. B. RV mass ratio 

(Fulton index; **P < 0.001 and ***P = 0.002 using post Holm–Sidak method; n = 6–7 per group). C. 

Serum level of brain natriuretic peptide (BNP). 
†
P = 0.01; 

††
P = 0.015 using post-hoc Dunnett’s 

method; n = 7 per group. LV: left ventricle. The horizontal lines in B. and C. denote the median value. 
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Figure 2. Vasomotor function analysis of pulmonary arteries (PAs) in pulmonary hypertension (PH) 

rats luciferase (Luc) or prothymosin α (ProT) gene therapy. A. Contraction responses to potassium 

chloride (KCl, 40mM) and phenylephrine (PE, 10
-5

M). B. Contraction and C. Percentage contraction 

responses of PA to cumulative addition of phenylephrine (PE, 10
-9

–10
-5

 M). D. Relaxation responses 

to cumulative addition of acetylcholine. Relaxation was obtained during contraction to EC60 (the 

concentration required to achieve 60% of maximum contraction) of PE. *P = 0.003; **P < 0.001; 

***P = 0.018; 
+
P < 0.001 for PH+Luc vs PH+ProT and sham, respectively. 

#
P < 0.05 for PH+Luc vs 

PH+ProT with concentration ≥ 10
-6

M using post-hoc Holm–Sidak method. Data are presented as 

mean  SE; n = 6–8 per group.  
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Figure 3. Histological remodeling of pulmonary arteries (PAs) and arterioles in flow-induced 

pulmonary hypertension (PH). A. Representative Verhoeff’s stain for media layer of PA (upper panel; 

×40 magnification, scale bar corresponds to 200 μm) and pulmonary intra-acinar arterioles with 

diameter < 100 μm (yellow arrow in lower panel; yellow arrow head indicates perivascular plexiform 

formation; ×400 magnification, scale bar corresponds to 50 μm). B. Summary of the media layer 

thickness ratio data (
#
P = 0.045; 

##
P = 0.034 using post-hoc Holm–Sidak method; ten counts for each 

section, three sections for each rat PA; n = 4–6 per group). C. Quantitative analysis of the media area. 

(*P < 0.001; **P = 0.015 using post-hoc Dunn’s method; nine counts for each rat with 5 rats/group).. 

Luc: luciferase gene delivery; ProT: prothymosin α gene delivery. 
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Figure 4. Pulmonary artery vascular smooth muscle cell phenotype shifting in flow-induced 

pulmonary hypertension (PH). A. Representative immunoblots of α-smooth muscle actin (SMA), 

smooth muscle myosin heavy chain (SM-MHC) class II, matrix metalloproteinase (MMP)-2, and 

transforming growth factor (TGF)-β. B. Quantitative analysis for SM-MHC II, C. α-SMA, D. MMP-2, 

and E. TGF-β. 
#
P = 0.005, 

##
P = 0.003, *P < 0.001, **P = 0.033, and ***P = 0.004 using post-hoc 

Dunn’s method, ^P < 0.001 using post-hoc Holm–Sidak method, n = 6–7/group. PH: pulmonary 

hypertension. Luc: luciferase gene delivery. ProT: prothymosin-α gene delivery. GAPDH: 

Glyceraldehyde-3-Phosphate Dehydrogenase. Da: Dalton. The horizontal lines in B, C, D, and E. 

denote the median value. 
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Figure 5. Changes in oxidative stress in pulmonary arteries (PAs). A. Representative immunoblotting 

for phosphorylated (p) p47-phox, heme oxygenase (HO)-1, Kelch-like ECH-associated protein 

(KEAP)-1, and caspase-3. Quantitative analysis for B. pp47-phox, C. HO-1, D. KEAP-1, and E. 

Caspase 3 (*P < 0.001; **P = 0.001, using post-hoc Tukey test; n = 6–7 per group). PH: pulmonary 

hypertension. Luc: luciferase gene delivery. ProT: Prothymosin α gene delivery. GAPDH: 

Glyceraldehyde-3-Phosphate Dehydrogenase. Da: Dalton. The horizontal lines in B, C, D, and E. 

denote the median value. 
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Figure 6. Inflammation markers in pulmonary arteries of pulmonary hypertension (PH) rats luciferase 

(Luc) or prothymosin α (ProT) gene transduction. A. Representative immunoblotting for endothelial 

nitric oxide synthase (eNOS), inducible nitric oxide synthase (iNOS), cyclooxygenase (COX)-2, and 

monocyte chemoattractant protein (MCP)-1. Quantitative analysis for B. eNOS, C. iNOS, D. COX-2, 

and E. MCP-1. (
#
P < 0.001; *P = 0.003; **P = 0.025; 

##
P = 0.012; 

###
P = 0.002 using post-hoc Tukey 

test; n=6–7 per group). GAPDH: Glyceraldehyde-3-Phosphate Dehydrogenase. Da: Dalton. The 

horizontal lines in B, C, D, and E. denote the median value. 
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Figure 7. Tissue expressions of prothymosin α (ProT), poly(ADP-ribose)polymerase (PARP)-1, and 

hypoxia inducible factor (HIF)-1α in main pulmonary arteries (PAs). A. Immunohistochemistry of 

ProT and miR-223. B. Quantitative plot of ProT (+) cells per 40000 μm
2
 (*P <.0.001; **P = 0.006 

using post-hoc Holm–Sidak method; each PA was examined in five different sections with five counts 

for each section, a total of 25 counts per rat and 5 rats/group; ×400 magnification). Scale bar 

corresponds to 50 μm. C. Quantitative plot of miR-223 (+) cells per 40000 μm
2
 (*P < 0.001 using 

post-hoc Dunn’s method; each PA was examined in three different sections with five counts for each 

section, a total of 15 counts per rat and 3 rats/group; ×400 magnification). Scale bar corresponds to 30 

μm. D. Representative immunoblotting for HIF-1α and PARP-1. Quantitative analysis for E. HIF-1α 

and F. PARP-1 (
#
P = 0.013, 

##
P < 0.001, 

###
P = 0.043 using post-hoc Dunn’s method; n = 6–7 per 

group). PH: pulmonary hypertension. GAPDH: Glyceraldehyde-3-Phosphate Dehydrogenase. Da: 

Dalton. The horizontal lines in B, C, E, and F denote the median value. 
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Table 1. Echocardiographic measurements 

Variables Sham (n = 7) PH+Luc (n = 6) PH+ProT (n = 6) P value 

Main Pulmonary artery 

diameter (mm) 

3.19  0.57 5.64 ± 0.78* 4.46 ± 0.61 < 0.001 

Pulmonary artery peak flow 

velocity (cm/s) 

63.85 ± 7.72 92.00 ± 11.47** 74.40 ± 7.96 < 0.001 

Right ventricle diameter 

(mm) 

4.21 ± 0.22 7.38 ± 1.18
‡

 6.00 ± 0.90 < 0.001 

Tricuspid peak flow velocity 

(cm/s) 

70.70 ± 11.68
†

 107.80 ± 12.64 94.00 ± 17.51 0.002 

Left ventricle ejection 

fraction (%) 

65.71 ± 9.87 62.58 ± 3.55 59.91 ± 7.62 0.467 

Holm–Sidak method was used for post-hoc analysis. Luc: luciferase gene delivery. ProT: Prothymosin 

α gene delivery. Data are presented as mean ±SD. 

*P = 0.011 vs PH+ProT; P<0.001 vs sham 

**P = 0.014 vs PH+ProT; P<0.001 vs sham 

‡
P = 0.005 vs PH+ProT; P<0.001 vs sham 

†
P = 0.002 vs PH+Luc, and P=0.033 vs PH+ProT; P=0.143 for PH vs PH+ProT. 
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