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Abstract. The formation of neointimal lesions is one of the 
characteristic pathological alterations of the pulmonary 
vasculature in response to sustained pulmonary arterial hyper-
tension (PAH). To date, the effect of dichloroacetate (DCA) 
on these intimal lesions had remained to be investigated. In 
the present study, the beneficial impact of DCA on the forma-
tion of neointimal lesions was examined in rats treated with 
monocrotaline following pneumonectomy. The rats were 
subjected to monocrotaline subcutaneous injection seven days 
following left pneumonectomy and received DCA by gastric 
gavage (80 mg/kg/day) for 20 days. At the end of the experi-
ments, hemodynamic measurement was performed prior to 
the excision of the rats' right lungs for further morphometric 
and immunoblot analysis. Furthermore, the activity of reac-
tive oxygen species (ROS), superoxide dismutase (SOD) in 

the lungs was examined by a colorimetric assay. The results 
revealed that DCA treatment from day 8-28 following pneu-
monectomy caused a marked reduction in pulmonary arterial 
pressure and amelioration in right ventricle hypertrophy 
(mean pulmonary arterial pressure, 24±2.8 vs. 33±5.5 mmHg; 
right ventricle-to-left ventricle + intra-ventricle septum ratio, 
29±2.8 vs. 43±3.3%; P<0.05) and pulmonary arterioles 
intimal proliferation (grade 1 and 2 occlusion, 24 and 20% 
vs. 44 and 40%; P<0.05) in pulmonary hypertensive rats. By 
contrast, DCA treatment initiated 29 days following pneu-
monectomy did not result in any improvement in pulmonary 
circulatory parameters or regression of occlusive neointimal 
lesions. Immunohistochemical and immunoblot assays 
demonstrated markedly reduced hypoxia inducible factor 
(HIF-1α) levels, and increased voltage-dependent potassium 
channel subtype 1.5 (Kv1.5) expression levels were observed 
in those neointimal regions in rats receiving DCA preven-
tive therapy. Furthermore, preventive treatment with DCA 
significantly increased the activity of copper/zinc superoxide 
dismutase (Cu/Zn SOD activity, 88±4.2 vs. 53±2.7 U/mgprot; 
P<0.05) and promoted the degradation of ROS (106±4.7 vs. 
79±13.3  U/mgprot; P<0.05), which was compromised in 
the delayed intervention group. Therefore, DCA is effective 
to prevent the formation of intimal lesions, which may be 
attributed to the induction of the upregulation of Cu/Zn SOD 
activity and the suppression of HIF-1α activation. 

Introduction

Pulmonary arterial hypertension (PAH), a group of diseases 
defined as a mean pulmonary arterial pressure of >25 mmHg 
at rest with an pulmonary arterial wedge pressure of 
<15 mmHg, occurs with an idiopathic aetiology or in associa-
tion with diseases including congenital heart malformation, 
connective tissue disease or human immunodeficiency virus 
infection (1). PAH is essentially a vasculopathy in the pulmo-
nary circulation, manifesting narrowing or occlusion of the 
vessel lumen in pre-capillary arterioles due to the formation 
of neointimal or plexiform lesions. Despite extensive evidence 
for the mechanisms underlying the pathophysiological etiology 
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of PAH, few effective therapeutic modalities have emerged as 
a result (2,3).

Dichloroacetate (DCA) is as a metabolism modulator, 
which has been utilized for approximately three decades 
as the first line drug in the treatment of diseases associated 
with mitochondrial dysfunction, including congenital lactic 
acidosis (4). Several previous studies indicated that DCA may 
reverse the medial thickening in the monocrotaline (MCT) 
model, hypoxic PAH in rats and SM22α-targeted over-expres-
sion of the serotonin transporter in mouse models (5-7). The 
mechanism underlying this effect may be the inactivation of 
pyruvate dehydrogenase (PDH) kinase and transportation of 
pyruvate into the Krebs cycle instead of lactic production, 
which leads to depolarization of the mitochondrial membrane 
potential and initiation of apoptosis in pulmonary arterial 
smooth muscle cells (SMCs)  (8). However, the efficacy of 
DCA in MCT-treated pneumonectomized rats is yet to be 
investigated. DCA was identified to be effective in promoting 
apoptosis in a variety of cancer cell lines (9,10). Furthermore, 
the treatment of epithelial ovarian cancer cells with DCA 
markedly increased superoxide dismutase (SOD) transcrip-
tion and protein expression levels and ultimately resulted in 
the inactivation of hypoxia-inducible factor-1α (HIF-1α) and 
activation of the mitochondrial apoptosis pathway (11).

Hypoxia-inducible factor-1 (HIF-1), a heterodimer of 
HIF-1α and HIF-1β, regulates the transcriptional activation 
of genes involved in energy metabolism, vasomotor tone and 
angiogenesis, as part of an adaptive molecular response to low 
oxygen availability (12). Several previous studies suggested 
that HIF-1α activation was involved in angiogenesis in patients 
with PAH complicated with congenital heart malformation 
or idiopathic forms other than hypoxia‑induced PAH (13). 
Consistent with this, a previous study by our group demon-
strated that HIF-1α levels were markedly increased in the 
neointimal lesion areas in pneumonectomized rats following 
insult with MCT (14). Accumulating evidence has indicated 
that growth factors, thrombin, angiotensin II, cytokines, trans-
forming growth factor-β or oxidative stress may account for 
HIF-1α activation in PAH under non-hypoxic conditions (15). 
Of note, numerous of these aforementioned factors also stimu-
lated the generation of reactive oxygen species (ROS), whereas 
inhibition of ROS formation decreased HIF-1α protein levels, 
suggesting that ROS may have an important role in the regula-
tion of HIF-1α (16,17). 

Therefore, it is hypothesized that DCA is effective in 
preventing or reversing intimal lesions by inhibition of 
ROS-induced HIF-1α activation, which is mediated by upregu-
lation or activation of SOD. In the present study, the effect 
of DCA on the pulmonary vascular remodeling in rats was 
examined, utilizing two regimens, consisting of a preventive 
or late intervention protocol. Furthermore, the HIF-1α and 
ROS expression levels and SOD activity were detected and the 
possible mechanisms underlying DCA‑induced amelioration 
of PAH were also investigated.

Materials and methods

Experimental animals. Healthy male Sprague-Dawley rats 
(nine weeks old) were purchased from Xipuer-Bikai Laboratory 
Animal Co., Ltd. (Shanghai, China) and housed in dry-raising 

cages (n=6/cage) at the animal center of the Affiliated Hospital 
of Nanjing University Medical School (Nanjing, China) in a 
standard 12‑h reverse day/night cycle at an ambient tempera-
ture of 26˚C. A diet of stock laboratory diet and tap water were 
available ad libitum. They were allowed a recovery period of 
one week prior to the experimental procedures. All experi-
ments were performed with approval from the Committee of 
Nanjing University Medical School for Laboratory Animal 
Care and Use (Nanjing, China).

Left pneumonectomy. On day one, the rats were anesthetized 
with ketamine (150 mg/kg, intraperitoneal injection) and orally 
intubated. Then, the rats underwent left pneumonectomy via 
left thoracotomy, as previously described (14).

MCT administration. MCT (Sigma-Aldrich, St. Louis, MO, 
USA) was dissolved in dimethyl sulfoxide (DMSO) at a 
concentration of 30 mg/ml. On day eight, the rats were injected 
subcutaneously in the cervical areas with MCT (2 ml/kg) as 
previously described (14).

Experimental groups
Prevention study. Four groups of male Sprague-Dawley 

rats (weighing, 200-250 g; n=8/group) were used in the 
present study. Two groups of rats undergoing left unilateral 
pneumonectomized were injected with MCT (60  mg/kg, 
subcutaneous injection) seven days following surgery and the 
other two groups received sham surgery and DMSO injections. 
On day eight, one of the MCT- and DMSO-injected groups 
received 12 g/l DCA (Sigma-Aldrich) gastric gavages at a dose 
of 80 mg/kg and the other two groups received the vehicle 
(normal saline) daily. On day 28, hemodynamic measurements 
were performed in the anesthetized rats.

Reversal study. The 32 male Sprague-Dawley rats were 
randomly divided into four groups as described above. On 
day 29, one of the MCT- and DMSO-injected groups received 
12 g/l DCA gastric gavages at a dose of 80 mg/kg, whereas 
the other two groups received the vehicle (normal saline). 
Following 20 days of treatment, hemodynamic measurements 
and morphometric analyses were performed. The administra-
tion in the different groups is presented as a schematic in Fig. 1.

Hemodynamic studies and tissue preparation. At the end of 
the study as indicated above, the rats were anesthetized with 
ketamine (150 mg/kg, intraperitoneal injection). Their tracheas 
were orally intubated with a 16-gauge intravenous catheter and 
mechanical ventilation commenced using a rodent respirator 
(tidal volume, 8 ml/kg; respiratory rate, 60 min-1). The rats' 
right carotid artery was cannulated with a 20-gauge intravenous 
catheter to record systemic blood pressure. Pulmonary hemo-
dynamic parameters were measured in the open chest via direct 
puncture of the right ventricle outflow tract and then advancing 
the catheter into the pulmonary artery trunk (also confirmed 
by standard right ventricle or pulmonary arterial pressure trace 
on the monitor screen) connected to the pressure transducer 
of an Eagle400 monitor (General Electric Company, Fairfield, 
CT, USA). The right ventricle systolic pressure (RVSP), mean 
pulmonary arterial pressure (PAP) and mean carotid blood 
pressure (ABP) was recorded following 1 min of stabilization. 
All rats were then euthanized by exsanguination, and the right 
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lungs (for histology and morphometry) and the hearts [for right 
ventricle (RV)-to-left ventricle (LV) + intra-ventricle septum (S) 
ratio (RV/LV+IVS)] were collected. The right low lobe of lung 
was dissected, snap-frozen and maintained at a temperature of 
-80℃ until analyzed.

Morphological analysis. Histological changes of the pulmo-
nary arteries (PAs) were quantified by morphometry as 
described below. Isolated lungs were inflated via the trachea 
with 10% formalin solution at 20 cm H2O pressure and fixed in 
10% formalin. Paraffin sections of 5 µm were cut and stained 
with Elastin van Gieson and assessed microscopically to 
determine the degree of arterial wall thickness. In each lung 
section, ten small pulmonary arteries (PAs; 50-100 µm in 
diameter) were analyzed at a magnification of x400 in a blind 
manner. Medial wall thickness was expressed as the summa-
tion of two points of medial thickness/external diameter x 
100 (%). Intra-acinar (precapillary) PAs (25 vessels each) were 
assessed for occlusive lesions as grade 0 for no evidence of 
neointima lesion, grade 1 for <50% luminal occlusion and 
grade 2 for >50% luminal occlusion. There was no evidence of 
neointimal lesion formation in any PAs from normal rats (all 
PAs were graded as 0).

Immunohistochemistry. Slides were quenched in 3% hydrogen 
peroxide and the antigen was retrieved using a pressure cooker 
in 10 mM citrate buffer at pH 6. The slides were blocked in 
serum and the primary antibody was applied overnight at 
4˚C. Immunodetection of HIF-1α (dilution, 1:100; rabbit poly-
clonal; Novus Biologicals, Littleton, CO, USA) was performed 
with horseradish peroxidase-conjugated anti-rabbit secondary 
antibody (KPL, Inc., Gaithersburg, MD, USA) and DAB stain 
(Dako, Glostrup, Denmark). The slides were hematoxylin 
counterstained. The primary antibody (Dako Denmark A/S, 
Glostrup, Denmark) was omitted in the negative control for 
every group of slides.

Immunoblot assay. Whole cell, nuclear extracts were prepared 
according to manufacturer's instructions using the Nuclear 
Extract kit (Nanjing KeyGen Biotech. Co., Ltd., Nanjing, 
China). Whole cell extracts were prepared by lysing lung 
tissue in radioimmunoprecipitation assay buffer (protein 
extraction reagent with protease inhibitor cocktail, PMSF 
and phosphatase cocktail; Nanjing KeyGen Biotech., Co., 

Ltd., Nanjing, China) for 20 min on ice. Lysates were centri-
fuged (4˚C) at 16,000 x g for 10 min and the supernatant was 
collected for western blot analysis. Protein concentration 
was determined using the Bradford assay (Nanjing KeyGen 
Biotech. Co., Ltd.).

Western blot analysis. Western blots were performed by 
purifying 75  µg of nuclear or whole cell protein extracts 
by 10% SDS-PAGE and transferring the purified protein to 
polyvinyl difluoride membranes by standard procedures. 
Membranes were blocked with tris-buffered saline/Tween-20 
with 10% non-fat milk for 2 h and then either incubated over-
night at 4˚C or 4 h at room temperature with the respective 
primary antibody, including HIF-1α (dilution, 1:500; Novus 
Biologicals), Kv1.5 (dilution, 1:1,000; Abcam, Cambridge, 
UK), survivin (1:1000 dilution; Abcam) and histone-3, 
GAPDH (each dilution, 1:2,000; Cell Signaling Technology, 
Inc., MA, USA). Immunoreactive bands were visualized using 
horseradish peroxidase-conjugated anti-mouse or anti-rabbit 
secondary antibody (dilution, 1:5,000; Upstate Biotechnology, 
Billerica, MA, USA) and enhanced chemiluminescence 
reagent (Western chemiluminescent detection system; Pierce 
Biotechnology, Inc., Rockford, IL, USA). Relative immunore-
active levels of proteins were quantified using the ChemiDoc 
XRS imaging system and Quantity One software (version 4.5; 
Bio-Rad, Hercules, CA, USA). 

Assessment of ROS and SOD
Detection of ROS. For the tissue homogenates, lung 

tissue was rinsed with 1X phosphate-buffered saline (PBS) 
to remove excess blood, homogenized in 20 ml 1X PBS and 
stored overnight at <-20˚C. Following the two freeze-thaw 
cycles that were performed to break the cell membranes, 
the homogenates were centrifuged for 5 min at 5,000 x g. 
The supernatant was removed and assayed immediately or 
aliquoted and stored at <-20˚C. ROS was detected according 
to the manufacturer's instructions by using a rat ROS ELISA 
assay kit (R&D Systems, Inc., Minneapolis, MN, USA).

SOD activity assay. Prior to the assays, tissue samples 
were thawed on ice and homogenized (Polytron PT3100; 
Brinkman Instruments, Littau, Switzerland) in selected 
buffers. The total superoxide dismutase activities were 
measured by using a water-soluble formazan dye kit (Dojindo 
Molecular Technologies, Inc., Shanghai, China) according to 

Figure 1. Schematic diagram depicting the experimental procedure. In the prevention group, the rats were subjected to 60 mg/kg MCT cervical subcutaneous 
injection seven days following left pneumonectomy, and thereafter, the rats received DCA/vehicle (80 mg/kg) gastric gavage treatment per day from day 
8‑28. In the reversal group, the rats underwent left pneumonectomy and MCT cervical subcutaneous injection seven days following surgery. The rats received 
DCA/vehicle (80 mg/kg) gastric gavage treatment per day from day 29-49. DCA, dichloroacetate; MCT, monocrotaline.
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the manufacturer's instructions. To measure manganese SOD 
(MnSOD) activity, copper/zinc SOD (Cu/Zn-SOD) activity 
was blocked with 1 mmol/l potassium cyanide. The amount 
of protein was measured using a bicinchoninic acid protein 
assay (Sigma‑Aldrich). Enzymatic activity was expressed in 
units/mg protein (U/mgprot).

Statistical analysis. Statistical analysis was performed with 
GraphPad Prism 5 (GraphPad Software, San Diego, CA, USA). 
The results are presented as the mean ± standard error of the 
mean. Analysis of variance followed by Bonferroni's post‑hoc 
test to compare the mean values among the various groups. 
A P-value of <0.05 was considered to indicate a statistically 
significant difference.

Results

Effect of DCA on hemodynamic parameters and the forma-
tion of neointimal lesions. Consistent with previous results, 
left unilateral pneumonectomy plus MCT treatment caused a 
significant increase in the mean PAP, RVSP and right ventricle 
hypertrophy in rats as compared with the reference control rats 
on day 28 (mean PAP, 33±5.5 vs. 18±2.1 mmHg; RVSP, 52±5.3 
vs. 23±2.2 mmHg; RV/LV+IVS, 43±3.3 vs. 28±2.2%; P<0.05). 
The preventive treatment with DCA significantly repressed 
the elevation of pulmonary pressure (mean PAP, 24±2.8 vs. 
33±5.5 mmHg; RVSP, 31±3.2 vs. 52±5.3 mmHg; P<0.05) and 
right ventricle hypertrophy (RV/LV+IVS, 29±2.8 vs. 43±3.3%) 
in pulmonary hypertensive rats (Figs. 2A and 3H).

Of note, the MCT-treated pneumonectomized rats 
exhibited severe vascular remodeling, including medial wall 
hypertrophy and occlusive neointimal formation leading to 
partial, even complete, obliteration of pulmonary arterioles 
on day  28 (Figs.  3B and 4A). In the pulmonary arteries 
(50~100  µm in diameter), the percentage of medial wall 
thickness was markedly increased following left pneumo-
nectomy plus MCT insults from 15% in the reference control 
rats to 78%, which was reduced by the treatment with early 
intervention of DCA (51±8.1 vs. 78±12.0%; P<0.05; Fig. 3G). 
Furthermore, Fig.  4B and E reveal that the percentage of 

grade 1 and 2 occlusion in pre-acinar arteries accounted for 24 
and 20% of all pulmonary arterioles measured, respectively, 
following treatment with DCA, which represented a marked 
alleviation in neointimal lesion formation as compared with 
the MCT-treated pneumonectomized rats receiving normal 
saline from 8-28 days following pneumonectomy (grade 1 
and 2 occlusion accounting for 44 and 40%, respectively).

Compared with the MCT-treated pneumonectomized rats 
on day 49, intervention with DCA from day 29‑49 had little 
effect on PAH (mean PAP, 35±1.9 vs. 36±3.5 mmHg; RVSP, 
51±5.9 vs. 55±4.3 mmHg; P>0.05; Fig. 2B), RV hypertrophy 
(RV/LV+IVS, 55±1.9% vs. 58±3.8%; P>0.05; Fig. 3H) and 
vascular remodeling (medial wall thickness, 87±6.0 vs. 
86±8.1%; grade 1 and 2 occlusion, 32 and 64 vs. 32% and 
60%; P>0.05; Fig. 3G, 4C-E).

Effect of DCA on HIF-1α expression, voltage-dependent 
potassium channel subtype 1.5 (Kv1.5) and survivin 
expression. Fig. 5B and D show intense staining of HIF-1α 
in occlusive neointimal lesions in MCT-treated pneu-
monectomized rats on day 28 and 49, respectively. The 
immunohistochemical and western blotting assays indicated 
that the early treatment with DCA significantly inhibited 
HIF-1α activation, as illustrated in Fig. 5C and Fig. 6A and 
B. By contrast, the activation of HIF-1α was not inhibited by 
DCA treatment from day 29-49 (Fig. 5E, and Fig. 6A and B).

The findings from the present study demonstrated that the 
reduced expression of Kv1.5 was restored by early intervention 
with DCA in MCT-treated pneumonectomized rats. However, 
when DCA treatment was delayed, there was evident restora-
tion of Kv1.5 expression on day 49 in rats (Fig. 6C and D).

There is considerable evidence that survivin is a key 
anti-apoptotic factor responsible for cell overgrowth (18). 
In the present study, the expression of survivin in the 
MCT-treated pneumonectomized rats was ~4-fold higher as 
compared with the normal control rats, which was abrogated 
with DCA treatment (P<0.05). As demonstrated in Fig. 6E and 
F, however, the expression of survivin was not significantly 
different between the MCT-treated pneumonectomized rats 
receiving vehicle or DCA from day 29-49.

Figure 2. Effect of DCA on the hemodynamic parameters in MCT-treated pneumonectomized rats. The MCT-treated pneumonectomized rats received preven-
tive (day 8-28) and delayed (day 29-49) DCA gastric gavage treatment, respectively. At the end of the study, pulmonary hemodynamic parameters (mPAP and 
RVSP) were measured on (A) day 28 and (B) day 49, respectively. The data are presented as the mean ± standard error of the mean (n=8). *P<0.05 vs. reference 
control rats on day 28 or 49. Con, rats subjected to sham surgery and DMSO and treated with vehicle (saline); DCA, rats subjected to sham surgery and DMSO 
and treated with DCA (80 mg/kg daily) gavage treatment; PM28, rats subjected to pneumonectomy and MCT and treated with vehicle from day 8-28; PMD8~28, 
rats subjected to pneumonectomy and MCT and treated with DCA from day 8-28; PM49, rats subjected to pneumonectomy and MCT and treated with vehicle 
from day 29-49; PMD29~49, rats subjected to pneumonectomy and MCT and treated with DCA from day 29-49. mPAP, mean pulmonary arterial pressure; DCA, 
dichloroacetate; MCT, monocrotaline; RVSP, right ventricular systolic pressure; DMSO, dimethyl sulfoxide.

  A   B
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Effect of DCA on ROS content and the expression of SOD in 
lung tissue. In agreement with the previous studies, the rats 
that underwent pneumonectomy and treatment with MCT 
exhibited higher ROS production compared with the rats 
subjected to sham surgery plus DMSO treatment (106±4.7 
vs. 56±10.2 U/mgprot; P<0.05) on day 28. As demonstrated 
in Fig. 7A, the intervention with DCA effectively suppressed 
the increase of ROS, which was reduced by almost 25% as 
compared with the MCT-treated pneumonectomized rats 
receiving vehicle on day  28. However, the MCT-treated 
pneumonectomized rats treated with DCA from day 29-49 
had a higher ROS content as compared with those receiving 
vehicle treatment (115±8.8 vs. 98±5.4 U/mgprot; P>0.05).

As is well-established, SOD has a key role in the degrada-
tion of ROS. The activity of total SOD, MnSOD and Cu/Zn 
SOD was investigated in the present study. The total SOD 

activity was significantly suppressed in MCT-treated pneu-
monectomized rats, which was, in part, restored by early 
intervention with DCA (66±4.4 vs. 106±21.8  U/mgprot; 
P<0.05; Fig. 7B). The activity of MnSOD did not exhibit any 
significant difference among the six groups, as illustrated in 
Fig. 7C. However, of note, the activity changes of total SOD 
were in parallel with the alteration of Cu/Zn SOD activity. 
Fig. 7D reveals that the activity of Cu/Zn SOD was markedly 
suppressed in MCT-treated pneumonectomized rats on day 
28 as compared with that in the normal control rats (53±2.7 
vs. 96±19.5 U/mgprot; P<0.05), which was reversed by inter-
vention with DCA (88±4.2 vs. 53±2.7 U/mgprot; P<0.05). 
However, late intervention with DCA had a weak effect on 
Cu/Zn SOD activity (Fig. 7D). Of note, the MCT-treated 
pneumonectomized rats on day 49 exhibited an unexpected 
increase of Cu/Zn SOD activity as compared with the 

Figure 3. Effect of DCA on pulmonary arterial medial wall thickness and RV/LV+IVS. The MCT-treated pneumonectomized rats received preventive 
(day 8-28) and delayed (day 29-49) DCA gastric gavage treatment, respectively. At the end of the study, the right lung and heart were dissected for determina-
tion of lung vascular injury and right ventricle hypertrophy, respectively. Rat lung tissues were stained with H&E. View of lung (magnification, x10) from a rat 
subjected to sham operation and DMSO and treated with (A) saline or (D) DCA receiving vehicle from day 8-28. Rat subjected to pneumonectomy and treated 
with MCT receiving (B) vehicle or (C) DCA gastric gavage from day 8-28. Rat subjected to pneumonectomy and treated with MCT receiving (E) vehicle or 
(F) DCA gastric gavage from day 29-49. The vessels marked with black arrows exhibited medial hypertrophy and luminal narrowing and white arrow heads 
indicating completed obliteration of several small arteriole lumens. (H&E stain; scale bar in A-F, 100 µm). (G) Effect of DCA treatment on the percentage of 
medial thickness in pulmonary arterioles and (H) right ventricle hypertrophy index. The data are presented as the mean ± standard error of the mean (n=8). 
*P<0.05, **P<0.01 vs. reference control rats. #P<0.05, ##P<0.01 vs. MCT-treated pneumonectomized rats receiving vehicle from day 8-28. Con, rats subjected to 
sham surgery and DMSO and treated with vehicle (saline); DCA, rats subjected to sham surgery and DMSO and treated with DCA (80 mg/kg daily) gavage 
treatment; PM28, rats subjected to pneumonectomy and MCT and treated with vehicle from day 8-28; PMD8~28, rats subjected to pneumonectomy and MCT 
treated with DCA from day 8-28; PM49, rats subjected to pneumonectomy and MCT and treated with vehicle from day 29-49; PMD29~49, rats subjected to 
pneumonectomy and MCT and treated with DCA from day 29-49. DMSO, dimethyl sulfoxide; DCA, dichloroacetate; MCT, monocrotaline; RV/LV+IVS, right 
ventricle/left ventricle+ intra-ventricle septum; H&E, hematoxylin and eosin.
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MCT-treated pneumonectomized rats receiving the vehicle 
from day 8-28. 

Discussion

The results of the present study indicated that DCA was 
effective in preventing the formation of neointimal lesions in 

pulmonary arterioles of MCT-induced pneumonectomized 
rats and increases in PAP. This effect may be attributed to 
Cu/Zn SOD upregulation, HIF-1α inactivation and subsequent 
cell apoptosis in the neointimal lesion areas. By contrast, 
late intervention with DCA demonstrated little efficacy in 
the amelioration of PAP and severe structural destruction in 
pulmonary arterioles.

Figure 4. Effect of DCA on pulmonary arterioles intimal lesion formation in rats treated with MCT following pneumonectomy. The MCT‑treated pneumonec-
tomized rats received preventive (day 8‑28) and delayed (day 29‑49) DCA gastric gavage treatment, respectively. At the end of the experimental procedures, the 
rat lung tissues were stained with Elastin van Gieson to delineate the intima and media in pulmonary arterioles. View of lung (magnification, x40) from a rat 
subjected to pneumonectomy and treated with MCT receiving (A) vehicle or (B) DCA gastric gavage from day 8‑28. Rats subjected to pneumonectomy and treated 
with MCT receiving (C) vehicle or (D) DCA gastric gavage from day 29‑49. The vessels marked with arrows exhibited internal elastic laminal interruption and 
neointimal formation, causing the narrowing of pulmonary arteriole lumens. Scale bar in A‑D, 200 µm. (E) Changes of the vascular occlusion index of pulmonary 
arterioles following preventive or delayed DCA treatment. Con, rats subjected to sham surgery and DMSO and treated with vehicle (saline); DCA, rats subjected 
to sham surgery and DMSO and treated with DCA; PM28, rats subjected to pneumonectomy and MCT and treated with vehicle from day 8‑28; PMD8~28, rats 
subjected to pneumonectomy and MCT and treated with DCA from day 8‑28; PM49, rats subjected to pneumonectomy and MCT and treated with vehicle from 
day 29‑49; PMD29~‑49, rats subjected to pneumonectomy and MCT and treated with DCA from day 29‑49; DCA, dichloroacetate; MCT, monocrotaline; DMSO, 
dimethyl sulfoxide.

Figure 5. Immunohistochemical staining of HIF-1α in pulmonary arterioles. Lung tissue from (A) Con, (B) PM28, (C) PMD8~28, (D) PM49 and (E) PMD29~49. 
(magnification in A, x10; magnification in B‑E, x40; scale bar in A, 100 µm; scale bar in B‑E, 50 µm). Con, rats subjected to sham surgery and DMSO 
and treated with vehicle (saline); PM28, rats subjected to pneumonectomy and MCT and treated with vehicle from day 8-28; PMD8~28, rats subjected to 
pneumonectomy and MCT and treated with DCA from day 8-28; PM49, rats subjected to pneumonectomy and MCT and treated with vehicle from day 29-49; 
PMD29~49, rats subjected to pneumonectomy and MCT and treated with DCA from day 29-49. HIF-1α, hypoxia-inducible factor-1α; DCA, dichloroacetate; 
MCT, monocrotaline; DMSO, dimethyl sulfoxide.
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Figure 6. Western blot analysis of expression of HIF-1α, Kv1.5 and survivin in lung tissue. (A) Representative alteration of HIF-1α expression in one of three 
independent experiments with identical results. (B) Density ratio of HIF-1α to Histone-3. (C) Representative alteration of Kv1.5 or survivin, expression in one of 
three separate experiments with the identical results. (D) Density ratio of Kv1.5 or survivin to GAPDH. The data are presented as the mean ± standard error of the 
mean (n=3). *P<0.05, **P<0.01 vs. Con; #P<0.05 vs. PM28. Con, rats subjected to sham surgery and DMSO and treated with vehicle (saline); DCA, rats subjected to 
sham surgery and DMSO and treated with DCA (80 mg/kg daily) gavage treatment; PM28, rats subjected to pneumonectomy and MCT and treated with vehicle 
from day 8-28; PMD8~28, rats subjected to pneumonectomy and MCT treated with DCA from day 8-28; PM49, rats subjected to pneumonectomy and MCT and 
treated with vehicle from day 29-49; PMD29~49, rats subjected to pneumonectomy and MCT and treated with DCA from day 29-49. Kv1.5, voltage-dependent 
potassium channel subtype 1.5; HIF-1α, HIF-1α, hypoxia-inducible factor-1α; MCT, monocrotaline; DCA, dichloroacetate; DMSO, dimethyl sulfoxide.

Figure 7. Effect of DCA on ROS production and SOD activation. The MCT-treated pneumonectomized rats received early (day 8-28) and delayed (day 
29-49) DCA gastric gavage treatment, respectively. At the end of the study, the content of (A) ROS, (B) total SOD, (C) MnSOD, (D) Cu/Zn SOD in rat lung 
tissue was measured by a colorimetric assay. Data are presented as the mean ± standard error of the mean (n=8). *P<0.05, **P<0.01 vs. Con; #P<0.05 vs. 
PM28. Con, rats subjected to sham surgery and DMSO and treated with vehicle (saline); DCA, rats subjected to sham surgery and DMSO and treated with 
DCA (80 mg/kg daily) gavage treatment; PM28, rats subjected to pneumonectomy and MCT and treated with vehicle from day 8-28; PMD8~28, rats subjected 
to pneumonectomy and MCT and treated with DCA from day 8-28; PM49, rats subjected to pneumonectomy and MCT and treated with vehicle from day 
29‑49; PMD29~49, rats subjected to pneumonectomy and MCT and treated with DCA from day 29-49. ROS, reactive oxygen species; SOD, superoxide 
dismutase; MCT, monocrotaline; DCA, dichloroacetate; MnSOD, manganese SOD; Cu/Zn SOD, copper/zinc SOD; DMSO, dimethyl sulfoxide.
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DCA has been widely employed in a number of diseases 
associated with mitochondrial dysfunction for approximately 
three decades. Recent studies have demonstrated the beneficial 
effect of DCA in MCT or hypoxic PAH models (5,6). However, 
these aforementioned rat models are limited by their inability 
to reproduce the full spectrum of vascular pathological injuries 
observed in lung specimens from PAH patients. In particular, 
these models lack the characteristic neointimal formation 
which causes narrowing, or even obliteration of vessel lumens 
in pre-capillary vessels, as well as the significant elevation 
in pulmonary vascular resistance  (19). Intimal lesions are 
commonly regarded as a type of pulmonary vascular pathology 
representing severe injury and represent the irreversibility 
status during pulmonary vascular remodeling (20). Therefore, 
it is highly important to prevent or reverse the formation of 
neointimal lesions. The rats undergoing left lung resection 
followed by MCT subcutaneous injection developed severe 
PAH, accompanied with severe occlusive neointimal forma-
tion in pulmonary arterioles. Since its first introduction by 
Okada et al (21), this model has been applied to test the effec-
tiveness of a variety of drugs (simvastatin, triptolide, etc.) in 
PAH (21-23). However, the efficacy of DCA in this rat model, 
to the best of our knowledge, has not been investigated to date. 

DCA is a well-characterized inhibitor of the protein 
kinase of pyruvate dehydrogenase (PDH). DCA-mediated 
inhibition of PDH kinase renders the majority of PDH in the 
active form, which triggers a switch in pyruvate metabolism 
towards glucose oxidation to CO2 in the mitochondria (24). 
Early intervention with DCA in the present study effectively 
attenuated neointimal formation in pulmonary hypertensive 
rats. This effect was accompanied by the suppression of 
HIF-1α activation and the induction of Kv1.5 expression in the 
neointimal lesions. By contrast, no amelioration in pulmonary 
vascular remodeling was observed in the late intervention 
group. Concomitantly, late treatment with DCA did not reverse 
the alterations of this transcription factor and Kv1.5 protein 
expression in pulmonary hypertensive rats. These data 
suggested that HIF-1α inactivation and upregulation of Kv1.5 
may be the key factors responsible for preventing neointimal 
formation in MCT-induced pneumonectomized rats treated 
with DCA. Accumulating evidence indicated that MnSOD 
(SOD2) converts intramitochondrial superoxide to diffus-
ible hydrogen peroxide, which serves as a redox-signaling 
molecule, regulating pulmonary vascular tone and structure 
through effects on Kv1.5 and transcription factors (15). The 
expression of MnSOD has been identified as reduced in 
idiopathic PAH patients and in fawn-hooded rats that spon-
taneously develop PAH (25,26). The reduced expression or 
inactivation of MnSOD creates a pseudohypoxic redox state 
in PAH characterized by normoxic decreases in ROS, a shift 
from oxidative to glycolytic metabolism and HIF-1α activa-
tion (27). DCA corrects the mitochondrial abnormalities in 
several experimental models of PAH, causing a regression of 
remodeled pulmonary vasculature. Inconsistent with previous 
results, in the present study, HIF-1α inactivation was attrib-
uted to DCA-induced elevation in the activity of Cu/Zn SOD 
(SOD1 and SOD3), while changes in MnSOD levels were not 
statistically significant (P>0.05). Experimental findings from 
Dorfmüller et al (28) indicated that increased oxidative stress 
and severe vascular remodeling occurred in MCT-treated rats 

following left pneumonectomy. In addition, administration 
of antioxidants attenuated the development of PAH, which 
suggested that pulmonary oxidative stress regulates the devel-
opment of PAH (29). In the present study, a change with opposite 
trends was observed between ROS and total SOD production 
in rat lung specimens 20 days following MCT treatment. Early 
treatment with DCA effectively prevented excessive ROS 
formation, which was mediated by an upregulation of Cu/Zn 
SOD activity. SOD catalyzes the dismutation of superoxide 
into oxygen and hydrogen peroxide, and elevated hydrogen 
peroxide and NO levels are known to block the induction of 
HIF-1α‑associated genes and the accumulation of HIF-1α (30). 
Therefore, it is hypothesized that DCA-induced elevation of 
Cu/Zn SOD activity may be involved in the inactivation of 
HIF-1α in neointimal lesion areas. In accordance with the 
results of the present study, the findings from Saed et al (11) 
indicated that SOD3 was upregulated in a dose-dependent 
manner at the transcriptional and protein levels following DCA 
treatment, which induced apoptosis, reduced myeloperoxidase 
activation and HIF-1α transcription in two epithelial ovarian 
cancer cell lines. The protective effect of SOD3 has also been 
confirmed by a study demonstrating that the overexpression 
of SOD3 in bleomycin induced pulmonary hypertension in 
rats (31). By contrast, in another study, enhanced hydrogen 
peroxide levels promoted thrombin‑induced HIF-1α upregula-
tion, whereas degradation of hydrogen peroxide with catalase 
prevented HIF-1α activation in pulmonary arterial SMCs (32). 
Therefore, the regulatory role of hydrogen peroxide in the 
induction of HIF-1α activation remains elusive. A study by 
Görlach et al  (33) indicated that higher concentrations of 
hydrogen peroxide were more inclined to prevent HIF-1α 
accumulation, suggesting that only moderate changes in 
the redox state are required to activate the HIF pathway. By 
contrast, a substantial increase in hydrogen peroxide levels (as 
they may be observed at conditions of oxidative stress) does 
inactivate the HIF system. In addition, the present study did 
not observe any significant changes in the activity and protein 
expression of MnSOD (data not shown). The rodent model 
used in the present study, which is characterized by enhanced 
oxidative stress and inflammatory cell recruitment in lungs, 
may account for the distinct roles of three types of SOD in 
HIF-1α suppression.

There are several possible explanations for the late inter-
vention with DCA not being effective in the PAH rats. Firstly, 
20 days following MCT insults in pneumonectomized rats, the 
occlusion of pulmonary arterioles was severe, which compro-
mised the trafficking and absorption of DCA at the sites of 
neointimal lesions. Secondly, as is consistent with the results 
by Dorfmüller et al (28), ROS in the lung tissue were markedly 
increased following MCT treatment in pneumonectomized 
rats. The early release of ROS and the occurrence of damage 
to the adjacent tissues may have produced enough ROS to 
injure their distant target (pulmonary arteries) and trigger a 
self-enhancing pro-oxidative and pro-inflammatory process, 
which may not be affected by any delayed ROS-dependent 
therapy (34).

In conclusion, the present study showed that HIF-1α was 
upregulated in the neointimal lesion areas of pulmonary 
arterioles in MCT-treated pneumonectomized rats, which 
accounts for the occlusive neointimal formation and severe 
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pulmonary hypertension. The results demonstrated that DCA 
was effective in the upregulation of Cu/Zn SOD activa-
tion leading to HIF-1α inactivation in pulmonary vessels. 
However, late treatment with DCA was not able to attenuate 
pulmonary vascular remodeling and hemodynamics in 
this well established PAH model. Investigating methods to 
improve DCA transportation to neointimal lesion areas and 
inhibit the amplified oxidative stress may be a novel strategy 
for the treatment of PAH in the future. 
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