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Reversal of right ventricular remodeling by
dichloroacetate is related to inhibition of
mitochondria-dependent apoptosis

Xiao-Qing Sun1, Rui Zhang1, Hong-Da Zhang1, Ping Yuan1, Xiao-Jian Wang2, Qin-Hua Zhao1, Lan Wang1,
Rong Jiang1, Harm Jan Bogaard3 and Zhi-Cheng Jing1,2

Most patients with pulmonary arterial hypertension die from right ventricular failure (RVF). Right ventricular (RV) myocardial

apoptosis has an important role in RVF and is regulated by the mitochondria. Dichloroacetate (DCA) can improve cardiac

function in RVF, but whether it can regulate myocardial apoptosis via mitochondria is still unknown. In this study, we

investigated the effects of DCA on myocardial mitochondria, the mitochondrial apoptosis and other aspects of RV remodeling,

including fibrosis and capillary rarefaction. RVF was induced in rats by a single s.c. injection of monocrotaline. After 4 weeks,

DCA treatment was started with i.p. injection of 50, 150 or 2007 mg kg−1 per day during 14 days. Compared with saline-treated

RVF animals, treatment with DCA resulted in decreased mean pulmonary arterial pressure and total pulmonary resistance (TPR),

and increased cardiac output. The expression of pyruvate dehydrogenase kinase was suppressed, while pyruvate dehydrogenase

expression was upregulated with DCA application. DCA treatment was also associated with restored RV mitochondrial function

and a reduction in RV hypertrophy, fibrosis, capillary rarefaction and apoptosis. Mitochondria-dependent apoptosis was involved

in DCA regulation of RV. The absent correlation between TPR and main parameters in RV suggests that the effects of DCA in the

two organ systems are independent. We conclude that DCA improves cardiac function in experimental RVF partly by reversing RV

remodeling, restoring mitochondrial function and regulating mitochondria-dependent apoptosis. The study shows that a fear for

increased RV apoptosis with DCA treatment is unnecessary and suggests a potential role of DCA in the treatment of RVF.

Hypertension Research (2016) 39, 302–311; doi:10.1038/hr.2015.153; published online 14 January 2016

Keywords: apoptosis; mitochondria; pulmonary arterial hypertension; right ventricular failure; right ventricular remodeling

INTRODUCTION

Pulmonary arterial hypertension (PAH) is a fatal disease characterized
by pulmonary vascular remodeling and a chronically and frequently
progressive increase in right ventricle (RV) afterload, causing RV
remodeling and right ventricular failure (RVF).1 Although the initial
insult in PAH involves the pulmonary vasculature, RVF is the most
important determinant of longevity in patients with PAH.2 Recent
animal data suggest that RV remodeling contributes to the progression
of RVF.3 Many questions, however, regarding the mechanisms under-
lying RV remodeling remain unanswered. Abnormal RV remodeling
may be amenable to therapeutic intervention.
It has become clear that myocardial apoptosis is involved in RV

remodeling and has an important role in RVF.4 While inhibition of
myocardial apoptosis is a viable therapeutic strategy for left ventricular
(LV) failure,5 recent studies indicate that suppressing apoptosis can
also be beneficial in experimental RVF.6,7 Therefore, reducing

myocardial apoptosis may provide a new therapeutic strategy
in patients with RVF. Meanwhile, it now becomes clear that mito-
chondria act to integrate diverse proapoptotic stimuli by releasing
apoptosis-promoting factors such as cytochrome c, Smac/Diablo and
the flavoprotein AIF.8 Given the known role of mitochondria as
apoptotic controllers, it is tempting to speculate that therapies
targeting mitochondria can regulate RV myocardial apoptosis and
improve RV function.
Mitochondrial abnormalities are not only closely related to induc-

tion of apoptosis but also to deregulated metabolism.9–11 Indeed in
RVF, myocardial apoptosis occurs alongside several metabolic changes
and may be linked on the level of the mitochondria. Metabolic
changes in RVF include increased activity and expression of pyruvate
dehydrogenase kinase (PDK), which causes phosphorylation and
inhibition of pyruvate dehydrogenase (PDH). PDH phosphorylation
inhibits formation of acetyl-CoA and therefore slows the Krebs' cycle,
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causing an increase in glycolysis relative to glucose oxidation.12 Even
though during short-term stress this metabolic switch seems bene-
ficial, long-term reliance on glycolysis for ATP generation appears
insufficient and contributes to the development of RVF.13 Dichlor-
oacetate (DCA) is a small molecular inhibitor of all four PDK isoforms
and has shown promise as a new therapy for RVF.14,15 By reducing
PDH phosphorylation and improving glucose oxidation, DCA
improved cardiac output (CO) in animal models of RVF.9,16

Because DCA not only reverses metabolic derangements but also
effectively targets mitochondrial related pathways of apoptosis,8,17 at
least some of DCA’s beneficial effects in RVF may come about
through modulation of myocardial apoptosis. However, the effect of
DCA on RV myocardial apoptosis is not clear. And previous studies
on DCA and apoptosis seem inconsistent. A study on pulmonary
vasculature suggests that DCA increases mitochondria-dependent
apoptosis in pulmonary arterial smooth muscle cell in PAH.17 Thus,
it is possible that DCA would also promote RV apoptosis in PAH-
induced RVF, which would largely limit the application of DCA in
PAH. However, an in vitro study showed that DCA prevented H2O2-
induced cell apoptosis in cultured cardiomyocytes.18 To support DCA
treatment on PAH, it is of great importance to figure out the effect of
DCA on myocardial apoptosis in RVF in vivo. Moreover, recent data
show that the development of RVF is also associated with multiple
maladaptive RV remodeling including fibrosis, and a decreased RV
capillary density,3 but whether DCA can have an effect on these
aspects of experimental RV remodeling is still unknown.
Here we hypothesize that DCA improves cardiac function in PAH-

induced RVF through a mechanism involving modulation of RV
mitochondrial function and mitochondria-dependent apoptosis. Thus,
we sought to discover the possible mechanisms underlying the effects
of DCA on RVF by (1) evaluating the effects of DCA on RV
remodeling including myocardial apoptosis, fibrosis and capillary
rarefaction, (2) examining the effects of DCA on mitochondrial
structure and function and (3) assessing the mitochondria-
dependent apoptotic pathway in RVF by application of DCA.

METHODS

Monocrotaline rat model of RVF
A total of 60 adult male Sprague–Dawley rats (from the Second Military
Medical University Affiliated Experimental Animal Center; body weights 250–
300 g) were divided into two groups: rats received a single s.c. injection of saline
(control, n= 10) or monocrotaline (MCT, 60 mg kg− 1; Sigma-Aldrich,
St Louis, MO, USA) to induce RVF (n= 50).19 To determine the effects of
different DCA doses on the progression of established RVF, 4 weeks later rats
with induced RVF were randomly divided into four groups: rats with a daily i.p.
injection of saline (MCT-induced RVF (MCT-RVF), n= 14) or, respectively,
50, 150 or 200 mg kg− 1 (n= 12) DCA (Sigma-Aldrich) during 14 days. Later,
rats were anesthetized for hemodynamic assessment and RV tissues were
separated for further measurements.
All experimental procedures involving animals were executed conforming to the

US National Institute of Health regulations and were approved by the Institutional
Committee for Use and Care of Laboratory Animals of Tongji University.

Hemodynamic evaluation
Six weeks after receiving a single s.c. injection of saline or MCT, all surviving
rats (control, 100% survival rate; MCT-RVF, 50% survival rate; DCA
50 mg kg− 1, 67% survival rate; DCA 150 mg kg− 1, 75% survival rate; DCA
200 mg kg− 1, 75% survival rate) were anesthetized with an i.p. injection of i.p.
sodium pentobarbital (40 mg kg− 1), and hemodynamic parameters were
measured by a polygraph system (PowerLab 8/30; ADInstruments, Bella Vista,
NSW, Australia). Adequate anesthesia was monitored by determining the
withdrawal response to a paw pinch and respiration monitoring. After
tracheotomy, a polyethylene-50 catheter was inserted via the right external

jugular vein into the pulmonary artery to assess mean pulmonary arterial
pressure (mPAP) and CO. With these values the total pulmonary resistance
(TPR=mPAP/CO) was calculated.

Assessment of RV hypertrophy index
After assessing hemodynamic parameters, the animals were killed by removal of
the heart under deep anesthesia. After the atria, the pulmonary trunk and the
aorta were removed from the excised heart, the RV wall was separated from the
LV wall and ventricular septum. Wet weights of the RV, free LV and ventricular
septum were determined. The ratio of RV weight to LV plus septum weight
(RV(LV+S)) was calculated for assessment of RV hypertrophy.19,20

Histology, TUNEL and DNA laddering
For analysis of RV dimensions, hearts were fixed in situ, embedded in paraffin
and stained with hematoxylin and eosin, as described previously.21 Masson’s
Trichrome stain was used to assess the degree of fibrosis in cardiac sections.
Fibrosis was quantified on digitized images, on which blue-stained tissue
areas are expressed as percentage of the total surface area.7 A mean
cardiomyocyte cross-sectional area was determined in RV cryosections stained
with hematoxylin and eosin and the capillary density was determined by
isolectin B4 (Vector, Burlingame, CA, USA) staining.21 Apoptotic cells were
assessed by the terminal-deoxynucleotidyltransferase-mediated 2′-deoxyuridine
5′-triphosphated nick-end-labeling (TUNEL) method (EMD Millipore, Bill-
erica, MA, USA). Using a magnification rate of 400, the percentages of TUNEL-
positive cells were calculated in 10 randomly chosen fields of each section from
three animals per group. The procedures of DNA laddering were exactly as
described previously.22

Transmission electron microscopy
The ultrastructure of mitochondria was analyzed using transmission electron
microscopy, as described previously.10 Briefly, resuspended EV pellet (3 μl) was
fixed with 2.5% glutaraldehyde, postfixed in buffered 1% OsO4 with 1.5% K4Fe
(CN)6, embedded in 1% agar and processed according to standard Epon812
embedding procedure. Mitochondria were visualized on thin sections (60 nm)
with a transmission electron microscope (JEM1230, Tokyo, Japan) at 80 kV.

Real-time quantitative reverse transcription-polymerase chain
reaction
Total RNA was isolated from the tissues of three rats per group using Trizol
reagent according to the manufacturer’s protocol. RNA concentration and
purity were measured with a spectrophotometer at A260 and A260/280,
respectively. The reverse transcription reaction was performed with the Gene
Amp PCR System 9700 (Applied Biosystems, Carlsbad, CA, USA) for the
first-strand cDNA synthesis. Reverse transcription-polymerase chain reaction
was performed on an ABI 7500 apparatus (ABI, New York, NY, USA).
The sequences of primers used were as follows: lactate dehydrogenase (LDHA),
forward: 5′-CAAACTGCTCATCGTCTCAAAC-3′ and reverse: 5′-GCAACCAC
TTCCAATAACTCTGT-3′; superoxide dismutase 2 (SOD2), forward: 5′-GGCT
TCAATAAGGAGCAAGGT-3′ and reverse: 5′-TCTCCCAGTTGATTACATT
CCA-3′; glyceraldehyde-3-phosphate dehydrogenase (GAPDH), forward: 5′-AC
AGCAACAGGGTGGTGGAC-3′ and reverse: 5′-TTTGAGGGTGCAGCGAA
CTT-3′. The PCR conditions were as follows: a predenaturing at 95 °C for
30 s, followed by 40 cycles of denaturation at 95 °C for 5 s, and annealing/
extension at 60 °C for 34 s. A relative amount for each gene examined was
obtained from a standard curve generated by plotting the cycle threshold value
against the concentration of a serially diluted RNA sample expressing the gene
of interest. This amount was normalized to the level of GAPDH mRNA.

Western blotting
Western blotting was performed using RV lysates from three rats per group.
The protein concentration was determined by Pierce BCA Protein Assay Kit
(Thermo Fisher, Waltham, MA, USA) with bovine serum albumin as the
standard. Polyvinylidence fluoride membranes were probed by mouse mono-
clonal GAPDH (1:8000), rabbit monoclonal PDHα1 (1:1000), rabbit polyclonal
Bax (1:1000), Bcl-2 (1:1000), LDHA (1:1000) and cleaved caspase-9 (1:1000)
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from Cell Signaling Technology (Beverly, MA, USA); rabbit monoclonal PDK2
(1:500) and polyclonal active caspase-3 (1:200), mouse monoclonal SOD2
(1:2000; Abcam, Cambridge, UK); rabbit polyclonal PDK4 (1:1000; Sigma-
Aldrich, Poole, UK) and goat polyclonal PDHα2 (1:200; Santa Cruz Biotech-
nology, Dallas, TX, USA) antibodies overnight with constant shaking at 4 °C.
After washing three times for 10 min in TBS-T buffer, membranes were
incubated with an appropriate horseradish peroxidase-conjugated antibody and
enhanced chemiluminescence reagent (Thermo Fisher, Waltham, MA, USA).
Band intensities were determined using Quantity One software from Bio-Rad
(Hercules, CA, USA). All measurements were replicated at least three times.

Measurements of mitochondrial cytochrome c release into cytosol
Measurements of cytosolic cytochrome c were achieved by subcellular
fractionation and western blotting with cytochrome c antibody (1:1000; Cell
Signaling Technology) as described previously.23 The purity of the cytosolic
fractions was validated by western blotting using antibodies to cytochrome c
oxidase subunit IV (1:1000; Cell Signaling Technology).

Statistical analysis
Data were presented as mean± s.d. and were analyzed using one-way analysis
of variance with Bonferroni post hoc comparisons. Correlations between TPR
and RV parameters were calculated using Spearman's correlation coefficients. A
P-value o0.05 was accepted as an indication of statistical significance. All
statistical computations were performed using the Statistical Package for the
Social Sciences version 13.0 software (SPSS, Chicago, IL, USA).

RESULTS

DCA improved hemodynamic parameters in MCT-RVF rats
After 2 weeks of treatment with DCA, there was no evident difference
in the body weight between the MCT-RVF group and the DCA

groups, or between the three DCA treatment groups of different
dosages. Rats challenged with MCT consistently developed significant
PAH, with higher mPAP and TPR, and lower CO. DCA treatment
resulted in a marked reduction in mPAP by 29%, 32% and 36% after
application of, respectively, 50, 150 and 200 mg kg− 1 (Figure 1a). CO
was reduced in the MCT group compared with the control group
(81± 6.3 vs. 184± 11.5, Po0.001; Figure 1b) and DCA improved
CO by 45%, 65% and 78% in MCT-RVF rats after application
of, respectively, 50, 150 and 200 mg kg− 1 (Figure 1b). In addition,
treatment with DCA 50, 150 and 200 mg kg− 1 resulted in a marked
reduction in TPR by, respectively, 52%, 57% and 58% (Figure 1c), and
no significant differences were found between the treatment groups.

DCA reversed RV remodeling in RVF
As shown by the ratio of RV weight to LV plus septum weight (RV/
(LV+S)), there was significantly less hypertrophy in DCA-treated
animals than in saline-treated MCT animals (Figure 1d). To further
evaluate the effect of DCA treatment on RV remodeling, we
performed a morphometric analysis of RV myocytes cardiomyocyte
cross-sectional area, RV fibrosis, capillary density and myocardial
apoptosis in these five groups of rats. DCA treatment significantly
reduced RV cardiomyocyte cross-sectional area that was otherwise
enlarged in MCT rats (Figures 2a and d). Moreover, RVF resulted in a
loss of RV capillaries (Figures 2b and e). In contrast, DCA treatment
partly recovered the normal density of RV capillaries (Figures 2b
and e). Additionally, the RV of MCT rats developed a high degree of
fibrosis, and DCA treatment markedly reduced the overall fibrosis in
RV (Figures 2c and f).

Figure 1 DCA improves hemodynamics and cardiac function in monocrotaline-induced right ventricular failure (MCT-RVF). (a) Mean pulmonary artery
pressure (mPAP); (b) cardiac output (CO); (c) total pulmonary resistance (TPR); and (d) the ratio of free wall of RV weight to LV+Sep weight. Data shown are
means± s.d. of 7–10 rats per group. **Po0.001: compared with the control group; ##Po0.001: compared with the MCT-RVF group. DCA 50 mg kg−1, DCA
50 mg kg−1 per day group; DCA 150 mg kg−1, DCA 150 mg kg−1 per day group; DCA 200 mg kg−1, DCA 200 mg kg−1 per day group; LC, left ventricular;
Sep, septum.
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Figure 2 Dichloroacetate (DCA) partly reversed right ventricular (RV) remodeling in RV failure (RVF). (a) Hematoxylin and eosin staining of in situ fixed RV
sections; scale bar=20 μm. (b) RV cryosections stained with isolectin B4 (blood vessels, red), WGA (wheat germ agglutinin; cell membranes, green) and
nuclei (4',6-diamidino-2-phenylindole; DAPI, blue), scale bar: 20 μm. (c) Fibrotic areas are shown by Masson trichrome stain, scale bar: 100 μm. (d)
Quantitative analysis of mean cross-sectional area (CSA) of RV cardiomyocytes. (e) Capillaries to area (μm2) ratio. (f) Fibrosis quantification (blue-stained
areas expressed as the percentage of total RV surface area) of digitized images. *Po0.05, **Po0.001: compared with the control group; #Po0.05,
##Po0.001: compared with the monocrotaline-induced right ventricular failure group (MCT-RVF) group. DCA 50 mg kg−1, DCA 50 mg kg−1 per day group;
DCA 150 mg kg−1, DCA 150 mg kg−1 per day group; DCA 200 mg kg−1, DCA 200 mg kg−1 per day group. A full color version of this figure is available at
the Hypertension Research journal online.
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DCA inhibited RV myocardial apoptosis in RVF
To determine whether DCA can reverse RV remodeling by inhibiting
apoptosis in RV myocytes, TUNEL staining and DNA laddering were
used. The percentage of TUNEL-positive nuclei was significantly
greater in the MCT-RVF group (Figure 3b) compared with the
control group (Figure 3a), and DCA treatment reduced the TUNEL-
positive nuclei percentage (Figures 3c and f). Moreover, a weak pattern
of DNA laddering was observed in both the control and DCA groups,
but a much stronger DNA laddering pattern was found in the
MCT-RVF group (Figure 3g).

DCA improved RV myocardial mitochondrial function in RVF
Transmission electron microscopy of the RV cardiomyocytes
demonstrated that the mitochondrial ultrastructure in MCT-RVF
tissues was highly abnormal, including swelling and a decreased
number of mitochondria (Figure 4a). Moreover, in comparison with
the controls, MCT-RVF tissues revealed medullary sheath-like degen-
eration, dissolution of the myofilaments, broken Z-lines and an
irregular pattern of transverse striations (Figure 4a). Although these
abnormalities were also present in the DCA 50 mg kg− 1 treatment
group, the defects in mitochondrial shape, size and number were
obviously alleviated in the DCA 150 and 200 mg kg− 1 treatment
groups (Figure 4a).
Western blotting results demonstrated that both PDK2 and PDK4

proteins were upregulated in MCT-RVF rats. DCA reduced the
protein expression of PDK2 and PDK4 (Figures 4c and f). However,
the protein expression of PDK1 was unaltered in MCT-RVF rats, and
DCA had no effect on PDK1 expression (Figures 4c and f).
Accordingly, both PDHα1 and PDHα2 protein expression, which
were depressed in the MCT-RVF group, were increased by DCA
treatment (Figures 4c and f).
To further determine the effects of DCA on mitochondrial

function, leakage of cytochrome c from mitochondria, SOD2 and
LDHA expression were examined. The absence of cytochrome c

oxidase subunit IV in the cytosolic fractions confirmed that
the cytosolic preparations were free of mitochondrial contamination.
Compared with the control group, leakage of the cytochrome c
from the mitochondria to the cytosol increased in MCT rats
(Figures 4e and g). DCA treatment decreased the leakage of
cytochrome c from the mitochondria in RV cardiomyocytes
when applied at a dose of 50, 150 and 200 mg kg− 1 per day
for 2 weeks (Figures 4e and g). Moreover, the gene expression of
SOD2 in RV from saline MCT rats was significantly lower compared
with that from the control group (Figure 4b), and was increased
toward normal in all three DCA treatment groups (Figure 4b).
Consistently, the SOD2 protein expression was also decreased
in the MCT group and increased in the DCA groups (Figures 4d
and g). Additionally, while LDHA gene expression was upregulated
in MCT rats compared with the control group, the upregulation
was suppressed in both the DCA 150 and 200 mg kg− 1 groups
(Figure 4b). Accordingly, western blotting showed that its protein
expression was also markedly increased in the MCT group and
decreased in the DCA treatment groups with doses of 150 or
200 mg kg− 1 (Figures 4d and g).

DCA reduced RV cardiomyocytes apoptosis by regulating the
mitochondria-dependent apoptotic pathway
As shown by TUNEL staining and DNA laddering, RV myocardial
apoptosis increased in the MCT-RVF, while it was suppressed by DCA
treatment (Figures 3f and g). Furthermore, to determine whether
mitochondria-dependent apoptosis was involved, we detected the
critical proteins by western blotting.
As Bcl-2 family member proteins mediate the mitochondrial

apoptotic pathway, we examined the effect of DCA on Bcl-2 and
Bax expression (Figure 5a). The expression of Bcl-2 protein was
repressed in the MCT-RVF group compared with the control group,
whereas DCA 150 and 200 mg kg− 1 significantly upregulated Bcl-2
protein expression (Figures 5a and b). In contrast, Bax protein

Figure 3 Dichloroacetate (DCA) inhibited myocardial apoptosis in right ventricular failure (RVF). (a–e) In situ detection of cardiac myocyte apoptosis was
detected by terminal-deoxynucleotidyltransferase-mediated 2′-deoxyuridine 5′-triphosphated nick-end-labeling (TUNEL) assay. Compared with the control
group (a), RV myocardial apoptosis in RVF rats was enhanced (b), and DCA 50 mg kg−1 (c), 150 mg kg−1 (d) and 200 mg kg−1 (e) inhibited the apoptosis;
scale bar: 20 μm. (f) Quantitative changes in the incidence of myocardial apoptosis in RV among various treatment groups. The percentages of TUNEL-
positive cells were calculated in 10 randomly chosen fields of each section at ×400 magnification. *Po0.05: compared with the control group; #Po0.05:
compared with the monocrotaline-induced right ventricular failure group (MCT-RVF) group. (g) Representative DNA laddering of various treatment groups.
DCA 50 mg kg−1, DCA 50 mg kg−1 per day group; DCA 150 mg kg−1, DCA 150 mg kg−1 per day group; DCA 200 mg kg−1 , DCA 200 mg kg−1 per day
group. A full color version of this figure is available at the Hypertension Research journal online.
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Figure 4 Dichloroacetate (DCA) restored myocardial mitochondrial function in right ventricular failure (RVF). (a) DCA partly reversed the abnormal
mitochondrial ultrastructure in the monocrotaline-induced right ventricular failure group (MCT-RVF); scale bar=1 μm. (b) Real-time polymerase chain
reaction (PCR) showed that DCA inhibited the mRNA expression of lactate dehydrogenase (LDHA) and upregulated that of superoxide dismutase 2 (SOD2).
(c) Western blots showed that increased pyruvate dehydrogenase kinase 2 and 4 (PDK2 and PDK4) expression in RV myocytes in RVF was reduced by DCA,
while decreased pyruvate dehydrogenase α1 and α2 (PDHα1 and PDHα2) expression was upregulated by DCA. The expression of PDK1 was unaltered in RVF
and was not influenced by DCA. (d) Western blots showed that DCA inhibited the protein expression of LDHA and upregulated that of SOD2. (e) Western
blots of cytosolic fractions from various treatment groups show accumulation of cytochrome c (Cyt C) in RVF and that can be significantly suppressed by
DCA. (f and g) Densitometries are shown for three rats per group, and the measurements were replicated at least three times. The gels are representative of
one rat in each group from one of three separate experiments. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in the immunoblot is shown as a loading
control. *Po0.05, **Po0.001: compared with the control group; #Po0.05, ##Po0.001: compared with the MCT-RVF group. COX IV, cytochrome c oxidase
subunit IV; DCA 50 mg kg−1, DCA 50 mg kg−1 per day group; DCA 150 mg kg−1, DCA 150 mg kg−1 per day group; DCA 200 mg kg−1, DCA 200 mg kg−1

per day group.
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increased in the MCT-RVF group and was effectively suppressed by
DCA in all three treatment groups (Figures 5a and b).
Moreover, as was shown above by cytosolic western blotting,

leakage of the caspase activator cytochrome c from the mitochondria
to the cytosol was enhanced in MCT rats. Also, DCA treatment
attenuated the leakage of cytochrome c from the mitochondria in RV
cardiomyocytes (Figures 4e and g). Caspase-9 is an initiator caspase in
the mitochondrial apoptotic pathway. We measured the cleaved
caspase-9 protein by western blotting. An increase in the amount of
cleaved caspase-9 was observed in the MCT-RVF group, whereas
treatment with DCA evidently decreased the level of caspase-9
(Figures 5a and b). Accordingly, active caspase-3 protein significantly
increased in MCT-RVF rats, and DCA treatment decreased the level of
this protein (Figures 5a and b). Additionally, caspase-3 activity was
evidently lower in DCA-treated rats compared with MCT-RVF rats
(Figure 5c). In agreement with the results of active caspase-3, poly
(ADP-ribose) polymerase (PARP) cleavage increased in MCT-RVF
rats, and decreased markedly in all the DCA groups (Figures 5a and b).

The effect of different DCA doses on RV was independent from
changes in TPR
DCA has been reported to have effects on pulmonary vascular
remodeling in MCT rats.17 As mPAP in this study was lower with
DCA treatment, it could be argued that all the RV beneficial effects of
DCA were mediated by a reduction in afterload. To correct for the
effects of afterload in the 50, 150 and 200 mg kg− 1 DCA treatment
groups, we calculated the correlations between TPR and the main RV
parameters for the groups with different DCA doses. The effect of
DCA on cytochrome c release from RV mitochondria did not correlate
significantly with TPR (Figure 6a). Accordingly, in RVF under the
treatment of DCA, no correlation was found between TPR and
normalized protein expression changes of cleaved caspase-9, active
caspase-3 or cleaved PARP (Figures 6b and d).

DISCUSSION

This study provides novel insight into the mechanism of mitochondria
targeted therapy for PAH-induced RVF, showing that treatment with
DCA is associated not only with an increased level of oxidative
metabolism but also with reduced RV myocardial apoptosis and
restored mitochondrial function. These findings are important because
they show that a fear for increased RV myocardial apoptosis with DCA
is unnecessary, as DCA promotes pulmonary arterial smooth muscle
cell apoptosis in PAH. Moreover, DCA has a positive effect on
hemodynamics, RV myocardial fibrosis and capillary rarefaction,
metabolism and cardiac function, supporting the potential role of
the drug for the treatment of PAH-induced RVF.
Although DCA is known to have benefits on RVF by regression of

pulmonary vascular remodeling,17 a recent study also suggested that
DCA has direct effects on the RV by enhancing glucose oxidation and
restoring RV repolarization.9 In our study, we evaluated the effect of
DCA treatment on RVF with different doses, by applying 50, 150 and
200 mg kg− 1. Significant differences were found in the effects of DCA
between treatment groups with different doses. Although there is a
potential toxicity related to a high dosage of DCA, this probably is not
an issue here as no significant differences are found between the body
weight of the rats in the three different groups. Besides, the dosage for
long-term DCA treatment on patients with mitochondrial diseases can
be 50 mg kg− 1, which is well tolerated. This dosage equals to about
300 mg kg− 1 in rats, which is more than the used dosage.24,25 To
further evaluate the direct effects of DCA on RV, we calculated the
correlations between the critical parameters in RV and TPR in the
treatment groups with different DCA doses, and no correlation was
found between TPR and the main parameters in RV including
cytochrome c release, cleaved caspase-9, active caspase-3 and cleaved
PARP protein expression. The absence of a correlation shows that
there is a different DCA dose–response relationship for the effects in
the lungs and for the effects in the heart, suggesting that the effects of

Figure 5 Dichloroacetate (DCA) regulated myocardial apoptosis in right ventricular failure (RVF) via mitochondrial apoptotic pathway. (a and b) Western blot
analysis of ventricular lysates shows increased levels of BAX, cleaved caspase-9, active caspase-3, cleaved poly (ADP-ribose) polymerase (PARP) and
decreased Bcl-2 in monocrotaline-induced right ventricular failure (MCT-RVF) group. DCA treatment significantly upregulated Bcl-2 levels, suppressed MCT-
induced changes in the BAX levels and attenuated activation of caspases in RVF. (c) Caspase-3 activity increased in RVF and decreased after the treatment
of DCA. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in the immunoblot is shown as a loading control. *Po0.05, **Po0.001: compared with the
control group; #Po0.05, ##Po0.001: compared with the MCT-RVF group. DCA 50 mg kg−1, DCA 50 mg kg−1 per day group; DCA 150 mg kg−1, DCA
150 mg kg−1 per day group; DCA 200 mg kg−1, DCA 200 mg kg−1 per day group.
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DCA in the two organ systems are independent. Furthermore, we
demonstrated for the first time in the MCT-RVF rat model that DCA
significantly improved mitochondrial function by restoring mitochon-
drial structural abnormalities, reducing the cytochrome c release from
mitochondria, upregulating the expression of SOD2 and reducing the
expression of LDHA compared with untreated MCT-RVF models.
Moreover, DCA reversed maladaptive RV remodeling including
increased RV myocardial apoptosis and fibrosis, and decreased RV
capillary density. Furthermore, we confirmed that DCA suppressed RV
myocardial apoptosis by modulating the mitochondria-dependent
apoptotic pathway. These results suggest that DCA has its direct
benefits on RVF by improving mitochondrial function, inhibiting
mitochondria-dependent apoptotic pathwayand reversing maladaptive
RV remodeling.
Accumulating evidence suggests that RVF is partly attributable to

metabolic derangements and mitochondrial defects.9,10,26 The activity
and expression of PDK is increased in RVF, which phosphorylates and
inhibits PDH. Phosphorylated PDH inhibits formation of acetyl-CoA
and slows the Krebs' cycle, causing an increase in glycolysis and a
decrease in glucose oxidation.12 In agreement with a previous study,16

our study shows that the expression of both PDK2 and PDK4 is
increased in MCT-RVF rats and that DCA significantly suppressed this
expression. However, PDK1 expression was unaltered in RVF and
DCA had no evident effect on it. A possible reason is that the PDK
isoforms have a different transcriptional regulation. PDK1 transcrip-
tion is activated by hypoxia-induced factor 1α, whereas PDK4
activation is mediated by the forkhead transcription factor

(FOXO1).9,27 Even though it has been demonstrated that the PDK
activation in the lung in PAH is stimulated by redox-mediated
activation of hypoxia-induced factor 1α,28 the expression of
hypoxia-induced factor 1α, mRNA or protein is unchanged in RVF
while FOXO1 is found to be increased significantly,9 which is
consistent with our PDK results. Accordingly, expression of PDHα1
and PDHα2 was repressed in RVF models and was upregulated by
DCA, which is in agreement with a previous study demonstrating that
DCA reduced the phosphorylation of PDH.10 Moreover, it has been
recognized that deregulated metabolism contributes to the mitochon-
drial abnormalities,11 which exacerbate the low oxygen condition and
the abnormal metabolism.9,10 Considering the interconnectedness of
metabolism and mitochondria, we further measured the effect of DCA
on mitochondrial structure by transmission electron microscopy and
its effect on mitochondrial function by assessing the release of
cytochrome c and the expression of SOD2 and LDHA. Consistent
with a previous study,10 transmission electron microscopy of the RV
cardiomyocytes revealed abnormalities in the MCT-treated group that
were not visible in the control group. We observed reversal of these
abnormalities with DCA treatment. Moreover, the benefits of DCA on
mitochondrial function were partly reflected by reduced cytochrome c
release, reduced LDHA expression and increased SOD2 expression.
LDHA is a key enzyme involved in both glycolysis and acidosis and
DCA can protect mitochondria from acidosis by suppressing this
enzyme. Therefore, our study for the first time suggests that DCA can
attenuate mitochondrial abnormalities and improve mitochondrial
function.

Figure 6 The effect of different dichloroacetate (DCA) doses on right ventricle (RV) was independent from changes in total pulmonary resistance (TPR). (a)
The effect of DCA on cytochrome c (Cyt c) release from RV mitochondria did not correlate significantly with TPR. (b–d) The normalized protein expression
changes of cleaved caspase-9, active caspase-3 and cleaved poly (ADP-ribose) polymerase (PARP) in RV failure (RVF) under the treatment of DCA did not
correlate significantly with TPR. NS, not significant. Correlations between TPR and RV parameters were calculated using Spearman's correlation coefficients.
DCA 50 mg kg−1, DCA 50 mg kg−1 per day group; DCA 150 mg kg−1, DCA 150 mg kg−1 per day group; DCA 200 mg kg−1, DCA 200 mg kg−1

per day group.
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Mitochondria are considered to have a vital role in both cardiac
remodeling and heart failure,12,29,30 and multiple lines of evidence
indicate that the progression of RVF is associated with RV remodeling,
including upregulated RV myocardial apoptosis, fibrosis and decreased
RV capillary density.3 In the early stages of the disease, RV remodeling
is mostly an adaptive response, but as the disease progresses, the RV
dilates and RVF eventually occurs (maladaptive RV remodeling).31

Therefore, we measured the effects of the mitochondria targeted
therapy DCA on RV myocardial apoptosis by TUNEL staining and
DNA laddering. RV fibrosis and capillary density were determined by
Picrosirius red staining and isolectin B4 staining, respectively. Here, we
show that DCA can reduce myocardial apoptosis in PAH-induced
RVF in vivo, as confirmed by a previous in vitro study which suggests
that DCA suppresses apoptosis in cardiomyocytes.18 Moreover, DCA
reduced fibrosis and capillary rarefaction in RV, indicating that DCA
improves cardiac function and attenuates RVF partly by reversing the
maladaptive RV remodeling. However, the mechanisms underlying the
reverse of RV remodeling need to be further studied. It is reported that
the vascular endothelial growth factor expression decreases in RVF,
which could cause the capillary growth to lag behind the cardio-
myocyte growth, inducing capillary rarefaction.3 Since a recent study
on neuroblastoma cells suggested that the expression of vascular
endothelial growth factor could be influenced by PDK4,32 it is
reasonable to speculate that vascular endothelial growth factor may
be involved in the effect of DCA on RV capillary density.
Furthermore, considering the interconnectedness of apoptosis and

mitochondria,8 here we mainly focused on the DCA regulation of
myocardial apoptosis. Myocardial apoptosis has a role in RV disease
progression.4 Apoptosis is rare in the normal heart with one apoptotic
cardiomyocyte in 104 to 105 cells.33 However, apoptotic rates increase
to up to 1 in 400 in human heart failure.34,35 Apoptosis rates vary in
animal models, with rates as high as 14% in ischemia/reperfusion and
lower than 1% in chronic pressure overload.36 The rate of RV
myocardial apoptosis is upregulated after pulmonary artery banding in
rats.37,38 Even very low rates of apoptosis have been shown to cause
lethal dilated cardiomyopathy in a mouse model.39 It was also found
that apoptotic signals can stimulate ventricular hypertrophy.40 The
Bcl-2/Bax ratio is known to determine cell apoptotic fate.41,42 In our
study, the Bcl-2/Bax ratio was reduced significantly in RV cardiomyo-
cytes in the MCT-RVF group compared with the control group, and
DCA significantly upregulated the ratio. Apoptosis detections by
TUNEL and DNA laddering were consistent with the marked
alterations of Bcl-2/Bax. Our study supports the hypothesis that
apoptosis might be involved in a critical mechanism in the RV
remodeling during the progression of pulmonary hypertension.
Furthermore, we examined the expression and activity of some critical
proteins related to the mitochondria-dependent apoptotic to deter-
mine the mechanisms underlying the effect of DCA on RV myocardial
apoptosis. The expression of both cleaved caspase-9 and active
caspase-3, as well as the activity of caspase-3, were enhanced in
MCT-RVF, and were suppressed by DCA. Accordingly, PARP cleavage
as the substrate of active caspase-3 increased in the MCT-RVF group,
and decreased markedly in all the DCA groups. Thus, here, for the first
time, we demonstrated that DCA improved cardiac function by
inhibiting apoptosis in RV cardiomyocytes in vivo through a mechan-
ism that involves the mitochondria-dependent pathway. This result
seems to contradict the previous observation in the lung, where DCA
acts to increase the mitochondria-dependent apoptosis in pulmonary
arterial smooth muscle cells.17 However, our observation is partly
in agreement with another study on congestive heart failure, which
shows that DCA prevents H2O2-induced cell apoptosis in cultured

cardiomyocytes.18 It suggests the possibility that DCA may have
different effect on pulmonary arterial smooth muscle cells and RV
cardiomyocytes, but the underlying mechanism needs to be further
studied. In addition to Bcl-2/Bax, other upstream molecules may also
be involved in the effect of DCA on myocardial apoptosis via other
mechanisms. Previous studies suggest that mitochondrial reactive
oxygen species increase in RVF, which oxidizes and thus activates
apoptosis molecules such as p53.43 In combination with our work,
which demonstrated that DCA increased the expression of SOD2
and improved the mitochondrial function in RVF, which has a
crucial role in cleaning mitochondrial reactive oxygen species,44

DCA may possibly reduce the expression of p53 or other apoptosis
molecules.
Although here we show that the cardioprotective actions of DCA

are accompanied by a number of cellular and molecular changes in
RVF, improved mitochondrial function and reduced RV cardiomyo-
cyte apoptosis, more mechanistic studies are required to determine
how mitochondria targeted therapy in general and DCA in particular
have a direct effect on PAH-induced RVF. Our study was also limited
since it only included one animal model of RVF. Direct effect of DCA
on RV could be further proved by performing other animal models of
RVF, such as the pulmonary artery banding rats, vascular endothelial
growth factor receptor antagonist SU5416 and chronic hypoxia-
induced RVF rats. In addition, there may be other possible mechan-
isms underlying the effect of DCA on RV apoptosis. A study on the
congestive heart failure rat model suggests that DCA improves cardiac
function and increases the survival of the animals by activating the
pentose phosphate pathway in rat heart. Moreover, DCA decreased
oxidative stress and attenuated H2O2-induced myocyte cell death by
activating the pentose phosphate pathway.18 Therefore, other mechan-
isms underlying the effects of DCA on RV remodeling are worthwhile
to be further studied.
In the conclusion, our results show that DCA has a direct effect on

RV and reverses maladaptive RV remodeling in RVF by suppressing
RV myocardial fibrosis, increasing RV capillary density and inhibiting
myocardial apoptosis via mitochondria-dependent apoptotic pathway
by restoring mitochondrial functional and structural abnormalities.
The present study clearly shows that a fear for increased RV
myocardial apoptosis with DCA treatment is unnecessary, which
provides a new theoretical basis for the use of DCA in the manage-
ment of PAH and RVF in the clinic.
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