CIRCRES/2019/316443D/R2

Epigenetic metabolic reprogramming of right ventricular
fibroblasts in pulmonary arterial hypertension: A pyruvate
dehydrogenase kinase-dependent shift in mitochondrial
metabolism promotes right ventricular fibrosis
Lian Tian1, Danchen Wu1, Asish Dasgupta1, Kuang-Hueih Chen1, Jeffrey Mewburn1,
Francois Potus1, Patricia A.D. Lima2, Zhigang Hong3, Yuan-Yuan Zhao4, Charles C.T.
Hindmarch2, Shelby Kutty5, Steeve Provencher6, Sebastien Bonnet6, Gopinath Sutendra7,
Stephen L. Archer1,2*
1

Department of Medicine, Queen’s University, Kingston, Ontario, Canada
Queen's Cardiopulmonary Unit (QCPU), Translational Institute of Medicine (TIME),
Department of Medicine, Queen's University, Kingston, Ontario, Canada
3
Department of Pharmacology, University of Illinois at Chicago, Chicago, Illinois, USA
4
Department of Agricultural, Food and Nutritional Science, University of Alberta,
Edmonton, Alberta, Canada
5
Department of Medicine, John Hopkins University, Baltimore, Maryland, USA
6
Pulmonary Hypertension Research Group, Heart and Lung Institute of Quebec,
Department of Medicine, Laval University, Quebec City, Quebec, Canada
7
Department of Medicine, University of Alberta, Edmonton, Alberta, Canada
2

* Corresponding author
Stephen L. Archer MD. FRCP(C), FRSC, FAHA, FACC
Tier 1 CRC Mitochondrial Dynamics
Elizabeth Smith Distinguished Professor
Head Department of Medicine, Queen's University
Director Queen’s Cardiopulmonary Unit
Program Medical Director for Medicine and Cardiac Sciences at KGH, HDH, SMOL
Etherington Hall, Room 3041
94 Stuart St., Kingston, Ontario, Canada, K7L 3N6
Preferred E-mail: stephen.archer@queensu.ca
Abstract word count: 325
Total word count: 13,604
1

CIRCRES/2019/316443D/R2
Rationale: Right ventricular (RV) fibrosis in pulmonary arterial hypertension (PAH)
contributes to RV failure (RVF). While RV fibrosis reflects changes in the function of
resident RV fibroblasts (RVfib), these cells are understudied.
Objective: Examine the role of mitochondrial metabolism of RVfib in RV fibrosis in
human and experimental PAH.
Methods and Results: Male Sprague-Dawley rats received monocrotaline (MCT; 60
mg/kg) or saline. Drinking water containing no supplement or the pyruvate dehydrogenase
kinase (PDK) inhibitor dichloroacetate was started 7-days post MCT. At week-4, treadmill
testing, echocardiography and right heart catheterization were performed. The effects of
PDK activation on mitochondrial dynamics and metabolism, RVfib proliferation, and
collagen production were studied in RVfib in cell culture. Epigenetic mechanisms for
persistence of the profibrotic RVfib phenotype in culture were evaluated. PDK expression
was also studied in the RVfib of patients with decompensated RVF (n=11) versus control
(n=7). MCT rats developed PAH, RV fibrosis and RVF. MCT-RVfib (but not left
ventricular fibroblasts) displayed excess mitochondrial fission and had increased
expression of PDK isoforms 1&3 that persisted for >5 passages in culture. PDK-mediated
decreases in pyruvate dehydrogenase (PDH) activity and oxygen-consumption rate were
reversed by dichloroacetate (in RVfib and in vivo) or siRNA targeting PDK 1&3 (in
RVfib). These interventions restored mitochondrial superoxide and H2O2 production and
inactivated hypoxia-inducible factor 1-alpha (HIF-1α), which was pathologically activated
in normoxic MCT-RVfib. Redox-mediated HIF-1α inactivation also decreased expression
of transforming growth factor beta-1 and connective tissue growth factor, reduced
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fibroblast proliferation, and decreased collagen production. HIF-1α activation in MCTRVfib reflected increased DNA methyltransferase 1 (DNMT1) expression, which was
associated with a decrease in its regulatory microRNA, miR-148b-3p. In MCT rats,
dichloroacetate, at therapeutic levels in the RV, reduced phospho-PDH expression, RV
fibrosis and hypertrophy, and improved RV function. In patients with PAH and RVF,
RVfib had increased PDK1 expression.
Conclusions: MCT-RVfib manifest a DNMT1-HIF-1α-PDK-mediated, chamber-specific,
metabolic memory that promotes collagen production and RV fibrosis. This epigenetic
mitochondrial-metabolic pathway is a potential antifibrotic therapeutic target.

Key words: Warburg metabolism, dichloroacetate, hypoxia-inducible factor 1-alpha (HIF1α), transforming growth factor beta-1 (TGF-β1), DNA methyltransferase 1 (DNMT1)
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Nonstandard Abbreviations and Acronyms
5-mc: 5-methylcytosine
CO: cardiac output
CTGF: connective tissue growth factor
DCA: sodium dichloroacetate
DNMT1, DNMT3a or DNMT3b: DNA methyltransferase 1, 3a or 3b, respectively
Drp1: dynamin-related protein 1
ECAR: extracellular acidification rate
Glut1 or Glut4: glucose transporter 1 or 4
HIF-1α: hypoxia-inducible factor 1 alpha
LV: left ventricle
LVfib: left ventricular fibroblasts
LV+S: left ventricle plus septum
MCT: monocrotaline
MFC: mitochondrial fragmentation count
miRNA: microRNA
MitoSOX: mitochondrial superoxide
mPAP: mean pulmonary artery pressure
MPC1 or MPC2: mitochondrial pyruvate carrier 1 or 2
OCR: oxygen consumption rate
PA: pulmonary artery
PAAT: pulmonary artery acceleration time
PAEC: pulmonary artery endothelial cells
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PAfib: pulmonary artery adventitial fibroblasts
PAH: pulmonary arterial hypertension
PASMC: pulmonary artery smooth muscle cells
PDH: pyruvate dehydrogenase
PDK1, PDK2, PDK3 or PDK4: pyruvate dehydrogenase kinase isoform 1, 2, 3, or 4
PK: pyruvate kinase
PKM1 or PKM2: pyruvate kinase muscle isoform 1 or 2
p-Drp1S616: phosphorylated dynamin-related protein 1 at Serine 616
p-PDH: phosphorylated pyruvate dehydrogenase
PTBP1: polypyrimidine tract-binding protein 1
PVR: pulmonary vascular resistance
RHC: right heart catheterization
ROS: reactive oxygen species
RV: right ventricle
RVEDP: right ventricular end-diastolic pressure
RVF: right ventricular failure
RVfib: right ventricular fibroblasts
RVFW: right ventricular free wall
RVH: RV hypertrophy
RVSP: right ventricular systolic pressure
siPDK1: small interfering RNA targeting pyruvate dehydrogenase kinase isoform 1
siPDK3: small interfering RNA targeting pyruvate dehydrogenase kinase isoform 3
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siPDK1&3: small interfering RNA targeting pyruvate dehydrogenase kinase isoforms 1
and 3
SOD2: superoxide dismutase 2
TAPSE: tricuspid annular plane systolic excursion
TGF-β1: transforming growth factor beta-1
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Introduction
In pulmonary arterial hypertension (PAH), prognosis is substantially determined by the
response of the right ventricle (RV) to increases in pulmonary vascular resistance (PVR)
and mean pulmonary artery pressure (mPAP).1-7 Some patients with PAH are adaptive
remodelers and retain RV function despite increased afterload; whereas others are
maladaptive remodelers and rapidly develop RV failure (RVF).8 The failing RV is
characterized by dilatation and fibrosis, resulting from autonomic nervous system
activation,9 ischemia (due to impaired epicardial coronary artery perfusion pressure10,
microvascular ischemia11 and/or capillary rarefaction,12-14) and mitochondrial metabolic
abnormalities, including a shift to uncoupled aerobic glycolysis,15, 16 reviewed in.8 RV
fibrosis is a ubiquitous, but under-studied feature of maladaptive RV hypertrophy (RVH).
RV fibrosis, which occurs in maladaptive RVH in PAH patients17 and rodent models of
PAH,12, 18-20 reduces RV compliance and predicts poor outcome.21, 22 RV pressure overload
activates RV fibroblasts (RVfib), which produce more extracellular matrix, in part because
of activation of genes that regulate collagen production, such as transforming growth factor
beta-1 (TGF-β1) and connective tissue growth factor (CTGF).20,

23

While appropriate

collagen deposition is necessary for maintaining RV structure, excessive fibrosis may
increase RV stiffness and contribute to RVF. The mechanisms underlying RVfib activation
and collagen production are under studied.

In PAH, pulmonary artery (PA) smooth muscle cells (PASMC),24 PA adventitial fibroblasts
(PAfib),25-27 PA endothelial cells (PAEC)28,

29

and RV cardiomyocytes30-32 develop a

metabolic shift characterized by reduced glucose oxidation and increased uncoupled
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glycolysis, referred to as the Warburg effect. These acquired mitochondrial metabolic
abnormalities contribute to disease pathology, promoting hyperproliferation and apoptosis
resistance in PASMC, PAfib and PAEC while inducing hypocontractility in RV
cardiomyocytes. In PASMC, PAfib and RV cardiomyocytes in PAH, the metabolic shift is
driven by activation of pyruvate dehydrogenase kinase (PDK), a family of 4 enzyme
isoforms that phosphorylates and inhibits pyruvate dehydrogenase (PDH), a key enzyme
in mitochondrial glucose oxidation.27, 30, 33-36 The upregulation of PDK in PAH partially
reflects abnormal activation of hypoxia inducible factor (HIF-1α), an established
transcriptional regulator of PDK.37 HIF-1α activation in PAH occurs, at least in part from
epigenetic silencing of mitochondrial redox signaling, notably a depression of
mitochondrial derived hydrogen peroxide production by superoxide dismutase 2 (SOD2).38
Glucose uptake via the glucose transporter (Glut) is enhanced in both RV and lung from
monocrotaline (MCT) and Sugen-Hypoxia rats and PAH patients.15, 16, 24, 30, 31, 36, 39 This
compensatory increase in glucose flux is required to support energy homeostasis in the
presence of uncoupled glycolysis, which yields only ~1/16th the ATP/mol of glucose that
results from coupled glycolysis and glucose oxidation. A PDK inhibitor, sodium
dichloroacetate (DCA), restores mitochondrial glucose metabolism and inhibits cell
proliferation and apoptosis resistance in PASMC35, 40 and PAfib27, 36 and enhances RV
contractility ex vivo.30 DCA improves RV function and oxidative glucose metabolism in
vivo in preclinical models of PAH33 and in some patients with idiopathic PAH.34

The Warburg metabolic shift can also be mediated by an additional epigenetic mechanism,
the alteration of the expression and function of splice variants of pyruvate kinase (PK), the
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terminal enzyme in the glycolytic cascade. Decreased expression of microRNA (miR)-124
expression in PAfib25 and PAEC28 in PAH increases polypyrimidine tract-binding protein
1 (PTBP1) expression. PTBP1 alters PK splicing, increasing the ratio of PK muscle isoform
2 to isoform 1 (PKM2/PKM1), which favors uncoupled glycolysis. This mechanism is
associated with a decreased expression of the mitochondrial pyruvate carrier (MPC),
further depriving mitochondria of substrate for Krebs cycle.25, 28 It is unknown whether
PDK activation and/or a PKM2/PKM1 isoform switch contribute to the hyperproliferative,
fibrogenic phenotype of RVfib in PAH.

Using the MCT rat model of PAH, we isolated MCT-RVfib and left ventricular (LV)
fibroblasts (LVfib). RVfib (but not LVfib) were epigenetically reprogrammed to a
hyperproliferative, fibrogenic phenotype that persisted in cell culture for multiple passages.
This phenotype occurred by a PDK-dependent mechanism, without changes in PKM or
MPC. PDK inhibition, using DCA or small interfering RNA targeting the upregulated PDK
isoforms 1 and 3 (siPDK1&3), improved glucose oxidation and reduced proliferation rate
and collagen production in MCT-RVfib. Patients with PAH and RVF also had increased
expression of PDK1 in their RVfib. We identified an epigenetic mechanism for PDK
activation in MCT-RVfib. Upregulation of DNA methyltransferase 1 (DNMT1) depresses
SOD2 expression, reduces mitochondrial hydrogen peroxide (H2O2) production, and
triggers normoxic HIF-1α activation in MCT-RVfib. HIF-1α activation elicits numerous
downstream mitochondrial-metabolic abnormalities and increases fibrogenic cytokine
mediators (TGF-β1 and CTGF), which in aggregate promote RV fibrosis. Finally, we show
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that metabolically targeted therapy reduces RV fibrosis and improves RV function in MCT
rats in vivo.

10

CIRCRES/2019/316443D/R2
Materials and Methods
Extended Methods sections are available in the Online Data Supplement. The authors
declare that all supporting data are available within the article and its online supplementary
files. These Methods sections include: reagents, treadmill distance, echocardiography,
right heart catheterization, RV-PA coupling, histological analysis, measurement of DCA
level in RV tissues, ventricular fibroblasts isolation, cell culture, small interfering RNA
treatment on RV fibroblasts, qRT-PCR, sequences for PCR primers and siRNA,
microRNA identification, immunoblotting, immunofluorescence on cultured cells,
immunofluorescence on tissues, pyruvate dehydrogenase (PDH) enzyme activity, whole
cell micropolarimetry, lactate and glucose measurements, mitochondrial morphology,
proliferation assay, measurement of mitochondrial reactive oxygen species, measurement
of mitochondrial hydrogen peroxide, and determination of sample size in animal study.

Statistical analysis
All of the data are reported as mean ± standard error of the mean (SEM). Two-tailed,
Student’s t-test, paired t-test, linear regression analysis, or analysis of variance (ANOVA)
was performed as appropriate, after ensuring the data were normally distributed using
Kolmogorov-Smirnov test if the sample size per group is greater than 4. Non-parametric,
Mann-Whitney testing was used if the data did not have a normal distribution. The specific
test used is listed in the relevant figure legend. Statistical analyses were performed with
the GraphPad Prism (GraphPad Software, La Jolla, CA, United States). A P value of less
than 0.05 was considered statistically significant. All measurements were made by
scientists blinded to the treatment groups. Animals were randomized to their respective
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treatment groups. All analysis was performed with careful attention to blinding of the
scientists making the measurements. However, when we could not show all data in the
figures (due to space constraints), the representative images of data from cells and tissues
were selected to reflect the mean value in the quantitative data, while showing the
variability that accounted for the data’s standard error.

Monocrotaline-induced PAH animal model
Male Sprague Dawley rats (~250 g; ~7 weeks old) (Charles River, QC, Canada) received
a single subcutaneous injection of MCT (60 mg/kg) (n=40) or phosphate buffered saline
(PBS; n=21). One week after the injection, rats were randomly assigned to regular drinking
water (n=37) or water containing DCA (0.75 g/L; n=24). The estimated average ingestion
of DCA was ~25 mg per day per rat. All animals that underwent an endpoint study were
included for data analysis and no obtained data were excluded. Female rats display less
severe PAH with injection of MCT compared to male rats. Thus, we studied male rats
because they have more severe disease. We did not include females because the potential
sex difference in RVfib was not the focus of this initial study.
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Results
MCT-RVfib have increased PDK expression and decreased PDH activity which is
reversed by DCA or the combination of siPDK1 and siPDK3
Compared to control, MCT-RVfib showed an upregulation in the mRNA level of PDK1
and PDK3 (but not PDK2 and PDK4) as well as glucose transporter 1 (Glut1) (Fig. 1A).
In contrast, the protein level of PKM1 and PKM2 and the mRNA expression of MPC1 and
MPC2 were unchanged (Online Fig. I). We therefore focused on measuring PDK1 and
PDK3 protein levels and found that both were upregulated in MCT-RVfib vs. control (Fig.
1B). DCA and isoform-specific siPDK1&3 treatments reduced both mRNA and protein
levels of PDK1 and PDK3 in MCT-RVfib (Online Fig. II, Fig. 1B). Neither intervention
significantly altered PKM1 or PKM2 (Online Fig. I-A&B). PDH activity was reduced
(Online Fig. III) and the ratio of phosphorylated PDH E1-alpha subunit (p-PDH) to total
PDH (i.e., p-PDH/total PDH) was increased in MCT-RVfib vs. control (Fig. 1C). In
addition, the p-PDH/total PDH ratio was reduced by both DCA and siPDK1&3 treatments,
reflecting activation of PDH (Fig. 1C).

MCT-RVfib have a shift from glucose oxidation to uncoupled aerobic glycolysis
which is reversed by DCA or the combination of siPDK1 and siPDK3
MCT-RVfib displayed lower oxygen consumption rate (OCR), ATP production, maximum
respiration rate, and spare respiration capacity, versus control (Fig. 2A, Online Fig. IV-A).
There was no difference in the basal extracellular acidification rate (ECAR; Online Fig.
IV-B); however, the ratio of OCR/ECAR was reduced in MCT-RVfib vs. control (Fig. 2A).
Neither DCA nor siPDK1&3 altered mitochondrial metabolism in control-RVfib, but both
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increased OCR, ATP production, maximum respiration rate, and spare respiration capacity
in MCT-RVfib (Fig. 2, Online Fig. IV-A). In addition, both DCA and siPDK1&3
treatments slightly increased the basal ECAR and significantly increased OCR/ECAR in
MCT-RVfib (Fig. 2, Online Fig. IV-B). Lactate production and glucose consumption were
increased in MCT-RVfib vs. control, and were reduced by both DCA and siPDK1&3
treatments (Fig. 2).

MCT-RVfib display increased mitochondrial fission which is inhibited by DCA or the
combination of siPDK 1 and siPDK3
There was increased mitochondrial fission in MCT-RVfib, evident by a significant increase
in mitochondrial fragmentation count (MFC) in MCT-RVfib vs. control (Fig. 3A), as
previously reported.41 Both DCA and siPDK1&3 treatments inhibited mitochondrial
fission in MCT-RVfib, while having no effect on the control-RVfib (Fig. 3A).

MCT-RVfib display increased rates of proliferation which is reduced by DCA or the
combination of siPDK 1 and siPDK3
Compared to control, MCT-RVfib had higher proliferation rate (Fig. 3B) and this persisted
for 6 passages in culture (data not shown). Neither DCA nor siPDK1&3 treatment changed
the cell proliferation rate in control-RVfib; whereas, both interventions reduced the cell
proliferation rate in MCT-RVfib (Fig. 3B). siPDK1 and siPDK3 were tested individually
and shown to have >90% knockdown efficiency for their respective PDK isoform mRNA
(Online Fig. V). Interestingly, when used separately only siPDK3 reduced proliferation at
the dose and duration studied (Fig. 3B).
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MCT-RVfib display increased collagen production which is reduced by DCA or the
combination of siPDK 1 and siPDK3
Type I and III collagen mRNA (Fig. 4A) and protein (Fig. 4B) were increased in MCTRVfib vs. control; however, the increase was only statistically significant for type III
collagen. Protein levels of type I and III collagen were also confirmed to be increased in
MCT-RVfib by immunofluorescence (Online Fig. VI). While neither DCA nor the
combination of siPDK1&3 altered the collagen production in control-RVfib, both
interventions reduced type I and III collagen in MCT-RVfib (Fig. 4C, Online Fig. VI).
Interestingly, when used separately, only siPDK1 (not siPDK3) reduced type I and III
collagen production, an effect most evident with type III collagen (Fig. 4D).

MCT-RVfib display decreased MitoSOX levels and this is restored by DCA or the
combination of siPDK1 and siPDK3
Compared to control, mitochondrial superoxide (MitoSOX) levels were decreased in
MCT-RVfib (Online Fig. VII, Fig. 5A). MitoSOX levels were restored toward normal by
both DCA and siPDK1&3 treatments (Fig. 5A, Online Fig. VII). Consistent with MitoSOX
production, mitochondria-derived H2O2 production was also reduced in MCT-RVfib. As
would be expected when reactive oxygen species (ROS) production is increased,
mitochondria-derived H2O2 production was restored by DCA (Online Fig. VIII Fig. 5A).

MCT-RVfib display normoxic activation of HIF-1α which is reduced by DCA or the
combination of siPDK1 and siPDK3
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Nuclear HIF-1α, a measure of transcription factor activation, was increased in MCT-RVfib
vs. control (Fig. 5B). Both DCA and siPDK1&3 treatments reduced nuclear HIF-1α
mRNA level in MCT-RVfib (Fig. 5C).

MCT-RVFib display increased levels of TGF-β1, CTGF and activated dynaminrelated protein 1 which are reduced by DCA or the combination of siPDK1 and
siPDK3
Activated dynamin-related protein 1 (Drp1) (defined as Drp1 phosphorylated at Serine 616,
p-Drp1S616) was increased in MCT-RVfib vs. control (Fig. 5D). DCA and siPDK1&3
treatments reduced p-Drp1S616 in MCT-RVfib (Fig. 5D). Both TGF-β1 and CTGF protein
levels were increased in MCT-RVfib vs. control and were reduced by DCA or siPDK1&3
treatment (Fig. 5E).

DNA methylation activates HIF-1α in MCT-RVfib
Compared to control, MCT-RVfib showed an upregulation in DNMT1 mRNA expression
with no changes in DNMT3a and DNMT3b (Online Fig. IX-A). MCT-RVfib showed a
downregulation in the mRNA expression of SOD2 (Online Fig. IX-A). These changes were
confirmed at the protein level in RVfib using immunofluorescence (Fig. 6A, Online Fig.
IX-B). An increase in 5-mc confirmed the global increase in methylation in MCT-RVfib
vs. control (Fig. 6B). Conversely, treatment of MCT-RVfib with 5-Azacytidine reduced
DNMT1 and 5-mc and restored SOD2 expression (Fig. 6A&B). In addition, reversing
DNMT1 activation, using 5-Azacytidine, restored mitochondrial redox signaling in MCTRVfib. Specifically, 5-Azacytidine restored (increased) MitoSOX and mitochondrial H2O2
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production (Fig. 6C, Online Fig. X). As expected this restoration of normoxic,
mitochondrial redox signaling reduced nuclear HIF-1α in MCT-RVfib (Fig. 6D).

miR-148b-3p was upregulated in MCT-RVfib
To find the potential regulators of DNA methylation, measurement of potential upstream
microRNA (miRNA) regulators of DNMT1 was performed (based on predicted or known
regulators of DNMT1, as determined by an in silico survey using miRWalk 2.042 and
miRNAs previously shown to be downregulated in PAH in PASMC43, 44) (see online
supplement). These criteria identified miR-148b-3p as a top hit for negative regulation of
DNMT1 and miR-30e-5p as a top hit for negative regulation of DNMT3a. qRT-PCR
analysis of both miR-148b-3p and miR-30e-5p reveals that miR-148b-3p was decreased in
the MCT-RVfib compared to control whereas miR-30e-5p expression was unchanged
(Online Fig. XI). These data suggest miR-148b-3p is the potential induction of increased
DNMT1 expression in MCT-RVfib (Fig. 6A). The lack of change in miR-30e-5p (a known
regulator of DNMT3a) is consistent with the unchanged DNMT3a expression found in
MCT-RVfib (Online Fig. IX-A).

HIF-1α activation increases PDK1 expression in MCT-RVfib
Cobalt treatment of control-RVfib activated HIF-1α and PDK1, but slightly reduced the
mRNA expression of PDK3 (Online Fig. XII). Conversely, the treatment of MCT-RVfib
with the HIF-inhibitor, chetomin,45 reduced the expression of both HIF-1α and HIF-2α
mRNA in MCT-RVfib (Online Fig. XIII). Chetomin also reduced the mRNA expression
of PDK1, PDK3 and type III collagen in MCT-RVfib (Online Fig. XIII).
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Inhibition of DNA methylation restored mitochondrial metabolism and cell function
in MCT-RVfib
Inhibiting DNA methylation in MCT-RVfib, using 5-Azacytidine, reduced the expression
of PDK1 and the p-PDH/total PDH ratio, and also trended to decrease PDK3 expression
(Online Fig. XIV-A, Fig. 6E). 5-Azacytidine also reduced glucose consumption and lactate
production and restored OCR (Fig. 6F, Online Fig. XIV-B), indicating the normalization
of mitochondrial metabolism in MCT-RVfib. In parallel, mitochondrial dynamics (MFC),
rates of cell proliferation, and collagen production were restored toward normal by this
DNA methyltransferase inhibitor (Online Fig. XIV-C-E).

DNA methylation mediated, PDK-dependent, depression of mitochondrial
metabolism did not occur in MCT-LVfib
The observed phenotype of MCT-RVfib did not occur in MCT-LVfib. Specifically, MCTLVfib did not display increases in PDK expression nor did they manifest changes in
mitochondrial morphology or MitoSOX production, or display the changes in DNMT1,
SOD2 or HIF-1α expression (Fig. 6G&H, Online Fig. XV) that were seen in MCT-RVfib.
Consistent with the lack of changes in mitochondrial pathways, MCT-LVfib did not have
increased rates in cell proliferation, or collagen production relative to control LVfib
(Online Fig. XV).

Evidence that DCA therapy achieved effective doses in MCT RV tissues in vivo
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DCA-treated MCT RV tissues contained DCA at a range from 0.02 to 0.31 ng/mg, while
the RV tissues from MCT rats without DCA treatment did not have detectable levels of
DCA (Online Fig. XVI, Fig. 7A). p-PDH in fibroblasts was increased in MCT RV tissues
and these levels were restored toward normal by DCA therapy (Fig. 7B).

In MCT rats increased RV fibrosis were improved by DCA
Compared to control, RVs from MCT rats exhibited significantly more collagen deposition
(Fig. 7C). In contrast, collagen deposition in the LV was not significantly different between
MCT and control (PBS) groups (Fig. 7C). While DCA had no effect on the collagen
deposition in the control RVs, it reduced the collagen deposition in the RVs from MCT
rats (Fig. 7C).

Increased RV fibrosis and PDK1 expression in RVfib were observed in PAH patients
RVs from PAH patients with decompensated RV failure displayed greater RV fibrosis
versus control subjects (Fig. 7D). While PDK1 expression in RVfib was increased in PAH
patients, there was no significant change in PDK3 expression in PAH RVfib (Fig. 7E).

In MCT rats reduced RV function was improved by DCA
At week-4 post-injection of MCT or PBS, body weight was significantly less in MCT vs.
control rats (365±7 g vs. 488±14 g, P =1.1x10-12) and was not altered by DCA treatment
(361±9 g for MCT+DCA rats and 435±10 g for PBS+DCA rats). MCT rats had
significantly increased PA and RV pressures versus control [mPAP: 41±2.0 vs. 13±0.6
mmHg, RV systolic pressure (RVSP): 61±3.0 vs. 18±0.9 mmHg, and RV end-diastolic
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pressure (RVEDP): 16±2.0 vs. 5.4 ±0.4 mmHg; Fig. 8A, Online Fig. XVII]. DCA treatment
reduced both PA and RV pressures in MCT rats (mPAP: 25±2.0 mmHg, RVSP: 43±4.0
mmHg, and RVEDP: 10±1.0 mmHg; Fig. 8A). Consistent with RHC, echocardiography
showed that compared to control, MCT rats had shorter PA acceleration time (PAAT)
than control (16±0.8 vs. 32±0.8 ms), and this was improved by DCA (23±1.4 ms) (Fig.
8B). In addition, MCT caused RVH, evident as increased RV free wall (RVFW) diastolic
thickness (1.35±0.04 vs. 0.61±0.04 mm; Fig. 8B) and Fulton index (RV/LV+S) (0.63±0.02
vs. 0.28±0.01; Fig. 8C). DCA reduced RVH in MCT rats (RVFW diastolic thickness:
0.88±0.10 mm and RV/LV+S: 0.49±0.04; Fig. 8B&C). Moreover, RV systolic function,
indicated by RVFW systolic thickening and TAPSE, was reduced in MCT rats compared
to control (RVFW thickening: 25±5 vs. 102±3 and tricuspid annular plane systolic
excursion, TAPSE: 1.9±0.1 vs. 3.2±0.1 mm; Fig. 8B) and improved by DCA in MCT rats
(RVFW thickening: 71±10 and TAPSE: 2.3±0.2 mm; Fig. 8B). Compared with control,
MCT rats had reduced cardiac output (CO; 66±10 vs. 147±7 mL/min) and ran for a shorter
distance in the treadmill test (20±7 vs. 256±23 m). Both CO and the maximum running
capacity were improved by DCA (CO: 96±10 mL/min and treadmill distance: 60±19 m;
Fig. 8B&C).

RV-PA coupling: To apportion the relative contributions of improved RV function versus
regression of pulmonary vascular disease to the observed benefit accrued by MCT+DCA
rats, we analyzed the RV-PA coupling. Both the measures of RV-PA coupling (i.e.,
TAPSE/mPAP and RVFW thickening/mPAP ratios) were reduced significantly in MCT
rats vs. the control and were partially recovered by DCA treatment (Fig. 8D). In addition,
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there were strong inverse relationships between TAPSE and mPAP (R2=0.81, P=0.000027)
and between RVFW thickening and mPAP (R2=0.78, P=0.000059) in PBS and MCT
groups (Online Fig. XVIII-A). In the MCT+DCA rats, however, there was a slightly
positive slope in the TAPSE vs. mPAP relationship (R2=0.30, P=0.27) and an inverse, but
less steep, slope in the RVFW thickening vs. mPAP relationship (R2=0.14, P=0.47) as
compared to that in PBS and MCT groups (Online Fig. XVIII-A). The loss of the strong
inverse relationship in MCT+DCA rats indicates improved RV function by DCA. A
schematic plot for the relationship between TAPSE or RVFW thickening and mPAP is
shown in Online Fig. XVIII-B. While PBS and MCT rats fall on the solid line, the DCAtreated MCT rats fall on the dashed-blue line with less steep slope (i.e., reduced
inclination). This plot shows that while DCA treatment reduces mPAP or PVR, indirectly
improving RV function, it also directly improves RV function and RV-PA coupling.
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Discussion
RV fibrosis occurs in RVF. While the role of RV fibrosis in the development of RVF
remains speculative,46 it is well established that the mortality rates from RVF exceed 40%
for hospitalized PAH patients.47, 48 Thus, improved mechanistic understanding of the basis
for RV fibrosis and RVF and identification of antifibrogenic therapies have great potential
impact. Warburg metabolic remodeling has been shown to be activated in many diseaserelevant cell types in PAH, including PASMC, PAEC, PAfib and RV cardiomyocytes.
However, this is the first study to identify the occurrence of this pathway in RVfib in
experimental and human PAH. Moreover, we show the consequences of this pathway,
linking it directly to increased fibroblast proliferation and collagen production. This leads
to potential translational applications, namely metabolic modulation to reduce RV fibrosis.
We also show for the first time that this PDK-mediated modulation has different isoform
specificity in RVfib than in RV cardiomyocytes (PDK1&3 versus PDK2&4), which may
have therapeutic implications. Finally, we identify the basis for this metabolic
reprogramming of RVfib, demonstrating that epigenetic pathways, involving miRNAs and
DNMT1, are upstream of the metabolic changes, and elicit these changes through altered
mitochondrial redox signaling. Thus, this study offers many new findings:
1) First, while our group and others have established the pathologic role of altered
epigenetics and disordered mitochondrial metabolism in pulmonary vascular cells and RV
cardiomyocytes in PAH, little was previously known about the role of either epigenetic
reprogramming or Warburg metabolism in PAH RVfib. We show that the upregulation of
PDK isoforms 1 and 3 and the resulting PDH inhibition contributes to the
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hyperproliferative, fibrogenic Warburg phenotype in RVfib. Unlike findings in PAfib, we
found no alterations of PKM2/PKM1.25
2) Second, we show that it is the acquired epigenetic changes in mitochondrial redox
signaling leading to persistent metabolic changes in RVfib that drive their rate of
proliferation and collagen production. This epigenetic reprogramming is mediated by
upregulation of DNMT1. DNMT1 increases DNA methylation in RVfib and this impairs
transcription of many genes, including (relevant to this study) SOD2.
3) Third, we show that DNMT1 impairs mitochondria redox signaling by impairing SOD2mediated production of H2O2, creating a state of pseudohypoxia that leads to normoxic
HIF-1α activation, as previously reported in PAH PASMC.38
4) We show for the first time that this epigenetic activation of HIF-1α, a known
transcriptional regulator of PDK37, 49-51, drives the Warburg metabolic shift. HIF-1α, also
elevates production of fibrogenic cytokines (CTGF and TGF-β1), increases mitochondrial
fission, which drives proliferation and collagen production in MCT-RVfib. The MCTRVfib’s hyperproliferative, fibrogenic phenotype persists in culture, consistent with prior
observations of a persistent proliferative phenotype in RVfib from Sugen-Hypoxia rats.20
5) This study shows that PAH RVfib share the Warburg metabolic shift seen in other
disease-relevant cells in PAH. Based on expression profiling and siRNA studies, only
isoforms 1 & 3 underlie the inhibition of PDH activity and the reduced OCR/ECAR ratio
and increased lactate production in MCT-RVfib. These metabolic modifications are
therapeutically relevant since chemical or molecular inhibition of PDK 1 and 3 reduces
mitochondrial fission, proliferation and collagen production in MCT-RVfib.
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6) In human PAH, PDK1 expression is markedly increased in RVfib, supporting the
translational relevance of our findings and suggesting PDK1, which is most upregulated in
MCT-RVfib, may also be the most disease relevant PDK isoform in RVfib of PAH
patients.
7) We documented that DCA as administered in vivo led to measurable RV concentrations
of DCA, using mass spectrometry measurements (Fig. 7A). These levels were effective,
evident from the observed decrease in phospho-PDH in the RV (Fig. 7B).
8) Finally, while DCA benefits both the lung circulation and RV, we show that it improves
RV-PA coupling, suggesting at least part of its beneficial effect related to a direct
improvement in RV function. This has clinical implications as RV fibrosis is not targeted
by current PAH therapies and PAH patients die of RV failure.

In the MCT model, HIF1-α increases PDK expression and also activates fibrogenic
cytokines (CTGF and TGF-β1) which, in combination cause the MCT-RVfib to proliferate
and produce collagen at pathologic rates. Elevated expression of DNMT1, a
methyltransferase which conveys epigenetic methylation that is resilient, persisting
through mitosis to imprint daughter cells, leads to increased DNA methylation that persists
in RVFib passaged in cell culture. Although we did not do a whole methylome survey, we
show that DNMT1 decreases SOD2 expression thereby reducing production of
mitochondrial-derived superoxide and H2O2. This reduced environment leads to normoxic
activation of HIF-1α.38 HIF1-α is a known transcriptional activator of certain PDK
isoforms, including PDK1.37 This DNMT1-SOD2-HIF-1α-PDK pathway is similar to that
described in PASMC,38 but in RVfib, HIF1-α also increases TGF-β1- and CTGF- mediated
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collagen production and fibrosis. This fibrogenic pathway activation is chamber-specific
and is not seen in the MCT-LVFib, arguing that it is not simply a nonspecific response to
exposure to MCT. This discovery has therapeutic implications as PDK inhibition reduces
RV fibrosis and improves RV function in MCT rats in vivo.

The metabolic theory of PAH proposes that acquired inhibition of mitochondrial glucose
oxidation occurs in vascular cells and RV cardiomyocytes in human and experimental
PAH.52, 53 Although mitochondrial metabolic abnormalities have previously been reported
in PASMC,24 PAEC,28,

29

PAfib25-27 and RV cardiomyocytes13,

30, 54

in PAH, the

mitochondrial metabolic profile of RVfib and its potential role in RV fibrosis was largely
unknown. In a recent study, we showed that RVfib isolated from the RVs of rats with MCTinduced PAH have a hyperproliferative phenotype that persists in culture.41 This phenotype
was marked by mitochondrial fragmentation due to increased Drp1-mediated
mitochondrial fission. Inhibiting Drp1-mediated mitotic fission reduced RVfib
proliferation and decreased collagen production. However, neither the relationship
between fission and metabolism nor the basis for the persistence of this phenotype in
culture was evaluated. In the current study we show that Drp1 activation and the resulting
fragmented mitochondrial phenotype is downstream from the DNMT1-mitochondrial
redox signalling-HIF-1α pathway, and is corrected by in vitro therapy with 5-Azacytidine.

Glucose is transported into the cytosol by glucose transporters (Glut1 and Glut4).
Whereupon it is metabolized by glycolysis to form pyruvate. The terminal step in
glycolysis is catalyzed by PK (i.e., the PKM2/PKM1 ratio), pyruvate is either converted to
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lactate or transported into mitochondria via the MPC subunits 1 and 2 (MPC1 and MPC2,
respectively).25 Within the mitochondrial matrix pyruvate is oxidized by PDH to form
acetyl coenzyme A, which feeds Krebs’ cycle. This pathway can be interrupted at multiple
levels in PAH, in manners that vary amongst cell types. Increased uncoupled aerobic
glycolysis can reflect the following abnormalities, alone or in combinations: PDKmediated PDH inhibition, increased PKM2/PKM1 ratio, and reduced expression of MPC1
and MPC2.55 Unlike the recent findings in PAfib25 and PAEC28, the Warburg metabolic
shift in MCT-RVfib was not associated with changes in the PKM2/PKM1 ratio or
expression of the MPCs (Online Fig. I). Rather, we found that as in PASMC24 and RV
cardiomyocytes33 the metabolic shift was due to increased PDK expression (Fig. 1).

The predominant PDK isoforms differ in RVfib vs. cardiomyocytes. Whilst PDK2 and
PDK4 are increased in RV cardiomyocytes from Fawn-hooded rat model of PAH,33 PDK1
and PDK3 are the predominant isoforms in MCT-RVfib (Fig. 1A). There is some
heterogeneity in the expression and function of PDK1 and PDK3. For example, PDK3
expression is increased relatively more than PDK1 in MCT vs. control RVfib (Fig. 1B).
Moreover, whilst DCA treatment reduces PDK1 in the MCT group to levels near those of
the control group, it only partially reduces PDK3 expression (Fig. 1B). This likely reflects
the heterogeneous isoform sensitivity of DCA for PDK. For example, 8-fold higher
concentrations of DCA are required to inhibit PDK3 (Ki=8 mM), as compared to PDK1
(Ki=1 mM).56 In addition, experiments using isoform-specific siPDKs show that PDK1 and
PDK3 differentially regulate proliferation and collagen production (Fig. 3B, Fig. 4D), with
siPDK1 having a greater effect on collagen production and siPDK3 having a greater effect
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on fibroblast proliferation. The molecular mechanisms and downstream targets underlying
this PDK isoform heterogeneity in biological activity are currently unknown. The
consequences of PDK upregulation included increased PDH phosphorylation and reduced
PDH activity (Fig. 1C, Online Fig. III), which is also observed in RV cardiomyocytes,33
PASMC24 and PAfib25, 27 in PAH.

We next investigated the cause of PDK upregulation in MCT-RVfib. In the PAH PASMC,
activation of DNMT1 and DNMT3b methylates the SOD2 promoter resulting in reduced
SOD2 expression.38 Similarly, we noted reduced SOD2 expression and MitoSOX and
mitochondrial H2O2 levels in MCT-RVfib (Fig. 5A, Fig. 6A). It has been shown by several
groups that low SOD2 levels activate HIF-1α, although the effects on superoxide radicals
and peroxides production varies between studies.38, 57 Compared to control, MCT-RVfib
showed activation in HIF-1α (Fig. 5B) that was associated with reduced mitochondrial
superoxide and mitochondrial H2O2 levels (Fig. 5A) and decreased SOD2 expression (Fig.
6B). Proof that this reflects methylation related processes is the observation that 5Azacytidine restored SOD2 expression and increased mitochondrial superoxide and
mitochondrial H2O2 levels (Fig. 6A&C) and reduced nuclear (activated) HIF-1α expression
(Fig. 6D). These epigenetic signals, acquired in vivo as a consequence of exposure to MCT,
can be passed to daughter cells through replication by means of DNMT1. This explains the
persistence of the mitochondrial metabolic phenotype in cell culture, despite multiple
passages. Indeed, we show that the increases in DNA methylation (5-mc levels) in the
nuclei of MCT-RVfib are reversed by 5-Azacytidine (Fig. 6B).
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The PDK mediated inhibition of PDH impairs Krebs’ cycle and resulted in the reduction
in OCR (Fig. 2). As expected, this was accompanied by higher glucose uptake in MCTRVfib, reflecting a compensatory increase in uncoupled glycolysis, and increased lactate
production. This pattern of enhanced glycolysis and impaired glucose oxidation has
previously been reported in PA vascular cells and RV cardiomyocytes both in animal
models of PAH and PAH patients,24, 27, 33, 39 and in RV and lung in animal models of PAH
and PAH patients.15, 16, 24, 30, 33, 36, 39

We identified three consequences of Warburg metabolism in MCT-RVfib. First, the change
in metabolism promotes increased mitochondrial fission (Fig. 3A). This is consistent with
changes seen in other cell types in PAH, e.g., RV cardiomyocytes,58 PASMC,44, 45, 59 and
PAfib.27 It is possible that this mitochondrial fragmentation simply reflects the increase in
rates of mitotic fission required to support a metabolism-induced increase in cell
proliferation rates. Mitochondrial division is thought to coordinate the division of the
nucleus and the mitochondria and thus increased mitochondrial fission both reflects, and is
required to support, rapid cell proliferation.44, 45 Second, the metabolically remodeled RVfib
are highly proliferative (Fig. 3B). Interestingly the proliferative effect of uncoupled
glycolytic metabolism was observed by Warburg himself in cancer cells.60 The third
consequence is that MCT-RVfib produce more type III collagen (Fig. 4). At baseline in
normal fibroblasts type I collagen is the predominant form (Fig. 4). Interestingly RVfib
from Sugen-Hypoxia rats exhibited a significant increase in type I collagen20. This primacy
of type III collagen expression (in our study) could be due to the different PAH models
used, although we also found a trend toward increased type I collagen. Importantly the
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metabolic changes increased expression of major mediators known to promote collagen
production namely, CTGF and TGF-β1.

A testimony to the plasticity of the RVfib in PAH is that restoring glucose oxidation via
inhibiting PDK restores the RVfib’s mitochondrial network (Fig. 3A), reduces RVfib
proliferation (Fig. 3B), and reduces collagen production both in cell culture and in vivo
(Fig. 4, Fig. 7C). These improvements in RVfib function can be achieved by inhibition of
PDK isoforms 1 and 3 (Figs. 2-4) or by upstream targeting of HIF-1α (Fig. 5). HIF-1α
activation is known to cause mitochondrial fission and promote to cell proliferation in PAH
PASMC 45. HIF-1α activation also increases collagen production by a TGF-β1- and CTGFdependent mechanism in lung and kidney epithelial cells.61-63 PDK inhibition not only
improves mitochondrial metabolism (Fig. 2), but also restores mitochondrial superoxide
and mitochondrial H2O2 levels (Fig. 5A) and reduces HIF-1α activation (Fig. 5C). PDK
inhibition (by decreasing nuclear HIF-1α expression) reduces mitochondrial fission by
decreasing levels of activated Drp1 (p-Drp1S616) (Fig. 5D) while simultaneously reducing
fibrosis, by decreasing TGF-β1 and CTGF expression (Fig. 5E). These molecular changes
underlie the therapeutic benefits of DCA or siPDK1&3 that we observed (Figs. 3&4).

DCA has a very specific mechanism in inhibiting PDK, namely it mimics pyruvate’s
structures and competes with pyruvate in PDK’s binding pocket, resulting in PDK
inhibition.34 Thus DCA is a specific PDK inhibitor and does not directly target cytokines.
Rather, in MCT-RVfib, PDK upregulation reduced glucose oxidation (Fig. 2), reducing
mitochondrial superoxide (Online Fig. VII, Fig. 5A) and H2O2 (Online Fig. VIII, Fig. 5A)
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production by the electron transport chain. These redox changes activate HIF-1α which
upregulates TGF-β1 and CTGF,61-63 leading to increased collagen production and fibrosis.
Conversely, DCA inhibits PDK (Fig. 1), restores mitochondrial redox signaling, inactivates
HIF-1α (Fig. 5), and through this mechanism decreases the expression of TGF-β1 and
CTGF (Fig. 5E) and collagen production (Fig. 4). Therefore, our data suggest the reduced
TGF-β1 and CTGF following DCA therapy reflects restoration of PDH-dependent glucose
oxidation.

As expected, RV from MCT rats manifested a chamber specific increase in fibrosis (Fig.
7B) and ventricular dysfunction in vivo (Fig. 8), consistent to the observed fibrosis in the
decompensated RV from PAH patients (Fig. 7D). RV fibrosis and dysfunction in PAH
have been previously shown to occur in MCT and Sugen-Hypoxia rats and PAH patients.12,
17-20

As RV afterload increases during the progression of PAH, RV contractile function is

impaired (reduced TAPSE, RVFW thickening, and CO) and RV diastolic function is also
impaired (increased RVEDP), resulting in functional impairment (reduced treadmill
distance) (Fig. 8). The increased RVEDP is due to increased stiffness of RV, which likely
reflects both impairment of active lusitropic properties of the RV (such as altered t-tubule
structure due to impaired expression of junctophilin 2)64 and the more passive
consequences of increased RV fibrosis.

In LV, we did not find fibrosis in MCT rats (Fig. 7C), consistent with previous studies.19,
65

This is not surprising since there was no increase in the expression of DNMT1, SOD2,

HIF-1α, or PDK isoforms in MCT-LVfib (Fig. 6G&H, Online Fig. XV), consistent with
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our previous finding that LV in MCT rat does not have changes in the expression of Glut1
or

phosphorylated

PDH

or

increased

glucose

uptake,

as

measured

using

fluorodeoxyglucose PET.30 Lacking the epigenetic-metabolic derangement of RVfib, it
follows that there is no change in mitochondrial morphology, cell proliferation rate or
collagen production in MCT-LVfib.

In vivo, DCA treatment restores RV glucose oxidation, reverses PA remodeling and
improves hemodynamics and survival rate in MCT rats24, 30, 40 and improves hemodynamics
and survival rate in Fawn-hooded rats.33 These benefits have previously been assumed to
result from regression of pulmonary vascular obstruction40 and enhanced RV
contractility.30 In addition to these benefits, we provide new evidence that DCA also
reduces RV fibrosis (Fig. 7C). In an attempt to attribute the relative cause of improved
pulmonary vascular function vs. RV function, we performed the RV-PA coupling analysis.
The increase in RV-PA coupling (indicated by the TAPSE/mPAP and RVFW
thickening/mPAP ratios) and the altered TAPSE vs. mPAP and RVFW thickening vs.
mPAP relationships observed in DCA-treated in MCT rats (Fig. 8D, Online Fig. XVIII)
suggests improvement in RV systolic function contributed to the net benefit, in addition to
the benefits in the pulmonary vasculature (e.g. reduced mPAP) (Online Fig. XVIII-B).

DCA is a specific, but not a potent, PDK inhibitor. DCA also has variable sensitivity for
the 4 PDK isoforms, evident from Ki values of 1.0, 0.2, 8.0 and 0.5 mM for PDK1, PDK2,
PDK3 and PDK4, respectively.56 Because of DCA’s low potency, the in vitro concentration
used (by us and others) is in the mM range, ensuring effective inhibition of all PDK
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isoforms. The dose of DCA in the in vitro study is high primarily because the treatment
with DCA is brief. In vivo we believe DCA’s effects accumulate over time and the efficacy
of the dose we used is supported by the observation that RV phospho-PDH expression fell
in DCA-treated MCT RVs (Fig. 7B). Moreover, we measured DCA concentration in the
RV in vivo using mass spectrometry. The amount of DCA in RV tissues of DCA-treated
MCT rats (Fig. 7A) is in the therapeutic range based on prior study.34 The PDK isoforms
that are most important to RV fibrosis, based on their increased expression and the
therapeutic effects of highly isoform specific siRNA, are PDK1 and 3. It appears that
inhibiting PDK1 and PDK3 in combination reduces fibroblast proliferation and collagen
production, although there may be differential effect of the two isoforms for these functions
(Fig. 3B&4D).

To address the translational implications of the PDK pathway in MCT-RVfib, we decided
to use human PAH RV samples, rather than study another rodent model. We evaluated the
expression of PDK in RVfib of control subjects and subjects with RVF due to PAH (Fig.
7E). In these blinded studies of human RVs, fibroblasts were identified by positive staining
for vimentin. Compared to RVfib in control subjects, PAH-RVfib in patients (vimentinpositive fibroblasts) have a marked upregulation of PDK1. While PDK3 is strongly
expressed in the PAH RVfib it is not upregulated relative to control. Thus, we conclude
PDK1 is the predominant isoform involved in the fibrogenic pathway in patients and
rodents and the role of PDK3 is relevant but likely smaller (Fig. 3B&4D).

Limitations
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Several limitations are acknowledged. First, we recognize that the observed improvement
in RV function with DCA is likely a reflection of DCA’s known ability to cause beneficial
pulmonary vascular remodeling and improve RV cardiomyocyte bioenergetics, in addition
to the new observation of a reduction in RV fibrosis. DCA treatment improves RV
contractility in MCT rats (Fig. 8B) and in ex vivo Langendorff RV model,30 indicating its
ability to directly improve RV contractility. The change in RV-PA coupling we observed
(Fig. 8D, Online Fig. XVIII) suggests that DCA has additional beneficial effects on the
RV, independent of its important beneficial effects on the pulmonary vasculature. A direct
improvement in RV function has also been shown to occur with DCA treatment in the
pulmonary artery banding rat model,30 a model in which there is no pulmonary vascular
disease. While it is now clear that DCA also reduces RV fibrosis (Fig. 7C), we cannot
distinguish the precise contribution of improved RV contractility vs. reduced RV fibrosis
to the improved RV function observed in DCA-treated MCT rats.
Second, several recent studies using the anti-fibrotic agent, pirfenidone, found that it
reduced RV fibrosis in PAB mice66 but not in PAB rats.46 Surprisingly, pirfenidone did not
improve RV function in either PAB mice or rats.46, 66 The lack of improvement in RV
function in PAB mice treated with pirfenidone may indicate that reducing fibrosis alone,
without simultaneously addressing other RV maladaptations (metabolic remodeling with
impaired inotropy, reduced capillary and inflammation), is insufficient.67 The precision of
the pirfenidone approach contrasts with multipronged benefits of PDK inhibition we
employed.
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In addition, cell-cell interaction is important to RV function, as RV fibroblasts can release
paracrine factors that drive RV cardiomyocyte dedifferentiation, likely leading to RV
dysfunction.68 In other words, simply reducing collagen production using pirfenidone, may
be inferior to metabolic therapies that improve several fibroblast functions, such as
mitochondrial metabolism, redox signaling and dynamics. The relative benefits of
metabolic vs. fibrosis-specific therapies will require direct investigation, and was not
performed in the current study.
We did not study RVfib from Sugen-Hypoxia rats. The fact is that no single animal model
can capture all the features of human PAH.69 While Sugen-Hypoxia rats display plexiform
lesion in PA in the lung, a key feature of human PAH, MCT rats develop RVF, consistent
with patients with PAH with RV decompensation. Nevertheless, studying this epigenetic
pathway in RVfib from Sugen-Hypoxia rats and PAH patients would be an important future
direction of study.
The maximal respiration rate and spare respiration capacity were also reduced in MCTRVfib (Online Fig. IV). These changes in mitochondrial respiration in MCT-RVfib likely
indicate abnormalities in mitochondrial electron transport chain complexes I, III and/or IV.
Indeed, decreased Complex I or IV activity have been observed in PASMC35, 70, PAfib27 or
PAEC39 in PAH. Changes in the function/expression of these complexes in RVfib require
further study.
In addition, there are certainly multiple pathways dysregulated in MCT-RVfib. Many of
these will be epigenetically regulated. In future studies we will layer transcriptomic data
(identifying pathway dysregulation) with methylomic data (identifying genes that are
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differentially methylated in the MCT RV) to determine the role of methylome in RV
fibrosis. Even this will not complete the task, as other methylation-independent epigenetic
mechanisms, relating to histone modification and miRNAs, are likely also participatory.
Thus the field of epigenetic regulation of fibrosis will likely be a profitable area of
investigation for years to come.

Finally, HIF-1α has been found to play a role in glutamine metabolism. Glutaminolysis is
induced in experimental RVH, and has a reciprocal relationship with glucose oxidation in
the RV.13 This remains a subject for future study.
Conclusions
This study highlights the pathological importance of epigenetically-mediated,
mitochondrial redox-regulated, HIF-1α-dependent, PDK1&3-mediated, induction of a
Warburg metabolic phenotype in RVfib. It also demonstrates the potential pathological and
therapeutic relevance of this pathway for RV fibrosis in PAH (Fig. 8E). This pathway
suggests new therapeutic approaches, including inhibition of DNMT1 or isoform-specific
PDK inhibitors. We can now add the RVfib to the list of cells in PAH that have a shared
Warburg metabolic basis for dysfunction in PAH, namely, all cells in the pulmonary
vasculature (PASMC, PAfib and PAEC) and RV cardiomyocytes. Thus, metabolic
therapies which reverse the Warburg metabolic phenotype are anticipated to be beneficial
to all cells in the cardiopulmonary unit. This work establishes the epigenetic basis for RV
fibrosis and demonstrates that it is therapeutically tractable.
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Figure Legends
Figure 1. PDK1 and PDK3 are the predominant isoforms upregulated in MCT-RVfib
Compared to control, monocrotaline (MCT)-derived RV fibroblasts (MCT-RVfib) display
upregulation in glucose transporter 1 (Glut1), pyruvate dehydrogenase kinase (PDK)
isoform 1 & 3, and phosphorylated pyruvate dehydrogenase (p-PDH). Both sodium
dichloroacetate (DCA) and small interfering RNA (siRNA) targeting PDK isoforms 1 & 3
(siPDK1&3) treatments reduce PDK1, PDK3 and p-PDH in MCT-RVfib. (A) mRNA
expression of Glut1 (P=0.027 by student’s t-test; n=9 and n=8 for PBS and MCT groups,
respectively) and 4 isoforms of PDK (P=0.015, 0.12, 0.01 and 0.49 by student’s t-test for
comparison in PDK1, PDK2, PDK3 and PDK4, respectively; n=9 for PDK1, PDK2 and
PDK3 of PBS groups and n=8 for the other groups).
(B) Immunoblotting of PDK1 and PDK3 with treatment of DCA or siPDK1&3 (The
sample sizes for PBS, MCT and MCT+DCA groups are: 7, 8 and 4 respectively for
measurement of PDK1, and 6, 8 and 4 respectively for measurement of PDK3. The sample
sizes for MCT+siCON (control siRNA) and MCT+siPDK1&3 are: both 5 for measurement
of PDK1 and both 9 for measurement of PDK3. P=0.0068 and 0.014 by student’s t-test for
MCT vs. PBS and MCT+DCA vs. MCT respectively in PDK1; P=0.001 and 0.049 by
student’s t-test for MCT vs. PBS and MCT+DCA vs. MCT respectively in PDK3;
P=0.0093 and 0.042 by paired t-test for MCT+siPDK1&3 vs. MCT+siCON in PDK1 and
PDK3, respectively).
(C) Immunoblotting of p-PDH with DCA or siPDK1&3 treatment (n=6, 8 and 8 for PBS,
MCT and MCT+DCA groups, respectively. n=4 for both MCT+siCON and
MCT+siPDK1&3 groups. P=0.013 and 0.0003 by student’s and paired t-test respectively
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for MCT vs. PBS and MCT+DCA vs. MCT, respectively. P=0.001 by paired t-test for
MCT+siPDK1&3 vs. MCT+siCON). siCON, control siRNA. *, P<0.05 and **, P<0.01
versus PBS group; $, P<0.05, $$, P<0.01 and $$$, P<0.001 versus the corresponding
vehicle control group (MCT or MCT+siCON group). Immunoblotting images were taken
with Chemidoc MP Imaging System and analyzed with ImageJ.

Figure 2. Warburg Metabolism in MCT-RVfib is mediated by PDK1&3
Monocrotaline (MCT)-derived RV fibroblasts (MCT-RVfib) display lower oxygen
consumption rate (OCR), higher glucose consumption and lactate production, and a lower
ratio of OCR to extracellular acidification rate (ECAR) (OCR/ECAR), compared to
control. Both sodium dichloroacetate (DCA) and small interfering RNA (siRNA) targeting
pyruvate dehydrogenase kinase (PDK) isoforms 1&3 (siPDK1&3) treatments increase
OCR and OCR/ECAR, and reduce glucose consumption and lactate production in MCTRVfib. Note that the glucose consumption and lactate production are lower in the cells with
DCA treatment than that with siPDK1&3 treatment. This likely reflects that DCA was
replaced daily as DCA-treated cells received new culture medium daily whereas the culture
medium for siRNA-treated cells was not changed during the course of the protocol.
Representative OCR measurement via Seahorse XFe24 Extracellular Flux Analyzer and
summary of basal OCR, OCR/ECAR, glucose consumption and lactate production in cell
culture medium with treatment of (A) DCA and (B) siPDK1&3.
(A) The sample sizes for PBS, PBS+DCA, MCT, MCT+DCA groups are: 8, 6, 8 and 7 in
basal OCR measurement respectively, 7, 5, 6 and 6 in OCR/ECAR measurement
respectively, 6, 6, 8 and 6 in the measurement of glucose consumption respectively, and 6
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for all the groups in the measurement of lactate production. P values by student’s or paired
t-test for PBS+DCA vs. PBS, MCT vs. PBS and MCT+DCA vs. MCT are 0.98, 0.0002
and 0.013 respectively in basal OCR, 0.40, 0.012 and 0.0076 respectively in OCR/ECAR,
0.18, 0.043 and 0.031 respectively in glucose consumption, and 0.0015, 0.0028 and 0.0057
respectively in lactate production.
(B) The sample sizes for PBS+siCON, PBS+siPDK1&3, MCT+siCON, MCT+siPDK1&3
groups are: 6, 6, 7 and 7 in both basal OCR and OCR/ECAR measurements respectively,
6, 6, 8, 6 for in the measurement of glucose consumption, and 6 for all the groups in the
measurement of lactate production. P values by student’s or paired t-test for
PBS+siPDK1&3 vs. PBS+siCON, MCT+siCON vs. PBS+siCON and MCT+siPDK1&3
are: 0.94, 0.0001 and 0.016 respectively in basal OCR, 0.44, 0.025 and 0.0094 respectively
in OCR/ECAR, 0.42, 0.041 and 0.037 respectively in glucose consumption, and 0.11, 0.043
and 0.0065 respectively in lactate production. FCCP, carbonyl cyanide 4(trifluoromethoxy)phenylhydrazone; AA, antimycin A; Rot, rotenone; siCON, control
siRNA. *, P<0.05, **, P<0.01 and ***, P<0.001 versus PBS or PBS+siCON group; $,
P<0.05, $$, P<0.01 and $$$, P<0.001 versus the corresponding vehicle control group
(MCT or MCT+siCON group).

Figure 3. Increased mitochondrial fission and proliferation in MCT-RVfib are
mediated by PDK1&3
Monocrotaline (MCT)-derived RV fibroblasts (MCT-RVfib) display excess mitochondrial
fission and increased proliferation rate compared to control. Both sodium dichloroacetate
(DCA) and small interfering RNA (siRNA) targeting pyruvate dehydrogenase kinase
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(PDK) isoforms 1 & 3 (siPDK1&3) treatments inhibit mitochondrial fission and decrease
proliferation rate in MCT-RVfib, and only siPDK3 (not siPDK1) reduced proliferation rate
in MCT-RVfib.
(A) Representative mitochondrial network stained with MitoTracker™ Green FM in RVfib
with DCA or siPDK1&3 treatment and the summary of mitochondrial fragmentation count
(MFC) (n=8, 5, 10 and 5 for PBS, PBS+DCA, MCT and MCT+DCA groups, respectively.
P=0.56, 0.0000035 and 0.0093 by student’s t-test for PBS+DCA vs. PBS, MCT vs. PBS
and MCT+DCA vs. MCT, respectively. n=6 for PBS+siCON, PBS+siPDK1&3,
MCT+siCON and MCT+siPDK1&3 groups. P=0.43 and 0.0025 by paired t-test for
PBS+siPDK1&3 vs. PBS+siCON and MCT+siPDK1&3 vs. MCT+siCON, respectively.
P=0.0005 by student’s t-test for MCT+siCON vs. PBS+ siCON).
(B) Summary of proliferation rates (n=6 for PBS, PBS+DCA, MCT and MCT+DCA
groups and n=5 for the other groups. P=0.07 and 0.03 by paired t-test for PBS+DCA vs.
PBS and MCT+DCA vs. MCT, respectively. P=0.0022 by student’s t-test for MCT vs.
PBS. P=0.81 and 0.0056 by paired t-test for PBS+siPDK1&3 vs. PBS+siCON and
MCT+siPDK1&3 vs. MCT+siCON, respectively. P=0.0079 by student’s t-test for
MCT+siCON vs. PBS+ siCON. P= 0.006 and 0.049 by ANOVA followed by Tukey’s post
hoc test for MCT+siPDK1 vs. MCT+siCON and MCT+siPDK3 vs. MCT+siCON,
respectively). siCON, control siRNA. **, P<0.01, and ***, P<0.001 versus PBS or
PBS+siCON group; $, P<0.05 and $$, P<0.01 versus the corresponding vehicle control
group (MCT or MCT+siCON group). Immunofluorescent images were taken with a Leica
SP8 confocal, laser-scanning microscope and analyzed with ImageJ.
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Figure 4. Increased production of type III collagen in MCT-RVfib is mediated by
PDK1&3
Monocrotaline (MCT)-derived RV fibroblasts (MCT-RVfib) have greater collagen
production in type III compared to control. Both sodium dichloroacetate (DCA) and small
interfering RNA (siRNA) targeting pyruvate dehydrogenase kinase (PDK) isoforms 1 & 3
(siPDK1&3) treatments reduce type III collagen production in MCT-RVfib, and only
siPDK1 (not siPDK3) reduced type I and III collagen production.
(A) mRNA expression of type I and III collagen (n=9 and 8 for PBS and MCT groups,
respectively. P=0.072 and 0.045 by student’s t-test for MCT vs. PBS in type I collagen and
type III collagen, respectively);
(B) Immunoblotting of type I and III collagen (n=3 per group. P=0.11 and 0.024 by
student’s t-test for MCT vs. PBS in collagen I and collagen III, respectively);
(C) Immunoblotting of type III collagen in RVfib treated with DCA or siPDK1&3 (n=6, 8,
8, 5 and 5 for PBS, MCT, MCT+DCA, MCT+siCON and MCT+siPDK1&3 groups,
respectively. P=0.0007 and 0.016 by student’s or paired t-test for MCT vs. PBS and
MCt+DCA vs. MCT respectively. P=0.0002 by paired t-test for MCT+siPDK1&3 vs.
MCT+siCON);
(D) Effects of siPDK1 and siPDK3 individually on type I and III collagen mRNA in a
MCT-RVfib cell line with triplicate measurement using qRT-PCR analysis (P=0.0009 and
0.0005 by ANOVA followed by Tukey’s post hoc test for MCT+siPDK1 vs. MCT+siCON
and MCT+siPDK3 vs. MCT+siCON respectively in type I collagen; P=0.0002 and 0.018
with ANOVA followed by Tukey’s post hoc test for MCT+siPDK1 vs. MCT+siCON and
MCT+siPDK3 vs. MCT+siCON respectively in type III collagen;). siCON, control siRNA.
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*, P<0.05, **, P<0.01, and ***, P<0.001versus PBS group; $, P<0.05, $$, P<0.01, and $$$,
P<0.001 versus the corresponding vehicle control group (MCT or MCT+siCON group).
Immunoblotting images were taken with Chemidoc MP Imaging System and analyzed with
ImageJ.

Figure 5. Impaired mitochondrial redox signaling, Drp1 activation and production of
fibrogenic cytokines in MCT-RVfib are mediated by PDK1&3
Compared to control, monocrotaline (MCT)-derived RV fibroblasts (MCT-RVfib) display
decrease in the production of mitochondrial (Mito.) superoxide (MitoSOX) and H2O2 and
increases in the intensity of nuclear hypoxia-inducible factor 1-alpha (HIF-1α),
phosphorylated dynamin-related protein 1 at Serine 616 (p-Drp1S616), transforming growth
factor beta-1 (TGF-β1), and connective tissue growth factor (CTGF). All these changes are
reversed by both sodium dichloroacetate (DCA) and small interfering RNA (siRNA)
targeting pyruvate dehydrogenase kinase (PDK) isoforms 1 & 3 (siPDK1&3) treatments.
(A) Summary of fluorescence intensity of MitoSOX (n=72, 75, 75, 80 and 42 cells from
PBS, MCT, MCT+DCA, MCT+siCON and MCT+siPDK1&3 groups respectively were
analyzed. P=8.8x10-10, 0.021 and 0.0000033 by ANOVA followed by Tukey’s post hoc
test for MCT vs. PBS, MCT+DCA vs. MCT and MCT+siDPK1&3 vs. MCT+siCON,
respectively) and mitochondrial H2O2 (n=12, 26 and 19 cells from PBS, MCT and
MCT+DCA groups respectively were analyzed. P=4.4x10-8 and 0.0002 by ANOVA
followed by Tukey’s post hoc test for MCT vs. PBS and MCT+DCA vs. MCT,
respectively).
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(B) Representative immunofluorescent images of HIF-1α in RVfib and summary of the
fluorescence intensity in the nuclei (more than 95 cells from 3 cell lines per group were
analyzed; P=0.0003 by student’s t-test).
(C) mRNA expression of HIF-1α in MCT-RVfib treated with DCA or siPDK1&3 (n=6 for
both MCT and MCT+DCA groups. n=5 for both MCT+siCON and MCT+siPDK1&3
groups. P=0.025 and 0.0019 by paired t-test for MCT+DCA vs. MCT and
MCT+siPDK1&3 vs. MCT+siCON, respectively).
(D) Immunoblotting of p-Drp1S616 (n=3, 4, 4, 4, and 4 for PBS, MCT, MCT+DCA,
MCT+siCON and MCT+siPDK1&3 groups, respectively. P=0.017 and 0.047 by student’s
or paired t-test for MCT vs. PBS and MCT+DCA vs. MCT, respectively. P=0.2 by paired
t-test for MCT+siPDK1&3 vs. MCT+siCON).
(E) Immunoblotting of TGF-β1 and CTGF (n=3, 4, 4, 4 and 4 for PBS, MCT, MCT+DCA,
MCT+siCON and MCT+siPDK1&3 groups, respectively. P=0.0033 and 0.0004 by
student’s or paired t-test for MCT vs. PBS and MCT+DCA vs. MCT respectively in TGFβ1. P=0.049 and 0.011 by student’s or paired t-test for MCT vs. PBS and MCT+DCA vs.
MCT respectively in CTGF. P=0.029 and 0.0033 by paired t-test for MCT+siPDK1&3 vs.
MCT+siCON in TGF-β1 and CTGF, respectively). siCON, control siRNA. *, P<0.05, **,
P<0.01 and ***, P<0.001 versus PBS group; $, P<0.05, $$, P<0.01 and $$$, P<0.001
versus the corresponding vehicle control group (MCT or MCT+siCON group).
Immunoblotting images were taken with Chemidoc MP Imaging System and analyzed with
ImageJ. Immunofluorescent images were taken with a Leica SP8 confocal, laser-scanning
microscope and analyzed with ImageJ.
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Figure 6. Increased DNA methyltransferase activity underlies the chamber-specific
changes in mitochondrial redox signaling, HIF-1α activation and PDK expression in
MCT-RVfib
Compared to control, monocrotaline (MCT)-derived RV fibroblasts (MCT-RVfib) display
increases in the expression of DNA methyltransferase 1 (DNMT1) and 5-methylcytosin
(5-mc) and a decrease in the expression of superoxide dismutase 2 (SOD2). Treatment with
5-Azacytidine (5-Aza) in MCT-RVfib restores these changes, increases the production of
mitochondrial (Mito.) H2O2, reduces nuclear hypoxia-inducible factor 1-alpha (HIF-1α),
and restores the mitochondrial metabolism. Whereas in left ventricular fibroblasts (LVfib)
there was no difference in the expression of DNMT1, SOD2 or pyruvate dehydrogenase
kinase (PDK) between MCT and control groups.
(A) Representative immunofluorescent images of DNMT1 and SOD2 and summary of the
fluorescence intensity (more than 90 cells from 3 cell lines per group were analyzed;
P=0.0039 by student’s t-test for MCT vs. PBS in DNMT1 and P=0.017 by paired t-test for
MCT+5-Aza vs. MCT in DNMT1. P=0.012 by student’s t-test for MCT vs. PBS in SOD2
and P=0.043 by paired t-test for MCT+5-Aza vs. MCT in SOD2).
(B) Representative immunofluorescent images of 5-mc in RVfib and summary of the
fluorescence intensity in the nuclei (more than 120 cells from 3 cell lines in PBS group and
4 cell lines in MCT and MCT+5-Aza groups were analyzed. P=0.000052 by student’s ttest for MCT vs. PBS and P=0.029 by paired t-test for MCT+5-Aza vs. MCT).
(C) Summary of the fluorescence intensity of mitochondrial H2O2 (n=19 cells per group
were analyzed. P=6.3x10-8 by student’s t-test).
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(D) Representative immunofluorescent images of HIF-1α in MCT-RVfib treated with 5Azacytidine and summary of the fluorescence intensity in the nuclei (more than 80 cells
from 4 cell lines per group were analyzed. P=0.038 by paired t-test).
(E) Summary of immunoblotting data on the expression of PDK isoform 1 (PDK1), PDK3,
the phosphorylated pyruvate dehydrogenase (p-PDH)/total PDH ratio (n=5 per group.
P=0.019, 0.67 and 0.0062 by paired t-test in PDK1, PDK3 and p-PDH, respectively).
(F) Summary of glucose consumption (n=5 per group. P=0.026), lactate production (n=5
per group. P=0.0026) and oxygen consumption rate (OCR) (n=3 per group. P=0.0776).
Paired t-test was used.
(G) Representative immunofluorescent images of DNMT1 and SOD2 in LVfib and
summary of the fluorescence intensity (n = 5 per group. P=0.47 and 0.62 by student’s t-test
for MCT vs. PBS LVfib in DNMT1 and SOD2, respectively).
(H) mRNA expression of 4 PDK isoforms in LVfib (P=0.59, 0.33, 0.64 and 0.17 by
student’s t-test for PDK1, PDK2, PDK3 and PDK4, respectively. n=7 for MCT PDK2 and
PDK3 groups, and n=8 for the other groups). *, P<0.05, **, P<0.01 and ***, P<0.001
versus PBS group; $, P<0.05, $$, P<0.01 and $$$, P<0.001 versus the MCT group.
Immunofluorescent images were taken with a Leica SP8 confocal, laser-scanning
microscope and analyzed with ImageJ.

Figure 7. DCA is effective in reducing phospho-PDH expression in vivo and PDK1 is
the predominant isoform in the fibrotic RVs of patients with PAH and RVF
Monocrotaline (MCT) rats developed greater right ventricular (RV) fibrosis and had higher
phosphorylated pyruvate dehydrogenase (p-PDH) levels in RV fibroblasts (RVfib) than
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control, and treatment with sodium dichloroacetate (DCA) reduced RV fibrosis and p-PDH
levels in RVfib in MCT rats. In contrast, left ventricles (LVs) from MCT rats did not
develop greater fibrosis than control. RV from pulmonary arterial hypertension (PAH)
patients displayed greater fibrosis and had higher expression of pyruvate dehydrogenase
kinase isoform 1 (PDK1) in fibroblasts than control.
(A) Summary of DCA levels measured using mass spectrometry in RVs from MCT (n=6)
and DCA-treated MCT (n=8) rats (P=0.0076 by student’s t-test).
(B) Representative immunofluorescent images of p-PDH in RV tissues and summary of
fluorescence intensity of vimentin-positive cells, i.e., RVfib (n=5 per group. P=0.0007 and
0.029 by ANOVA followed by Tukey’s post hoc test for MCT vs. PBS and MCT+DCA
vs. MCT, respectively).
(C) Representative picrosirius red-stained images of RVs or LVs from rats and summary
of collagen area fraction (n=12, 5, 14 and 10 RVs from PBS, PBS+DCA, MCT,
MCT+DCA groups, respectively. n=6 LVs from PBS and MCT groups. P=0.99, 0.0000010
and 0.04 by ANOVA followed by Tukey’s post hoc test for PBS+DCA vs. PBS, MCT vs.
PBS and MCT+DCA vs. MCT in RV collagen area fraction, respectively. P=0.71 by
student’s t-test for MCT vs. PBS in LV collagen area fraction).
(D) Representative picrosirius red-stained images of RVs from patients and summary of
collagen area fraction (n=7 and 11 for control and PAH patients, respectively. P=0.000052
by student’s t-test for PAH vs. control).
(E) Representative immunofluorescent images of PDK1 and PDK3 in vimentin-positive
cells (RVfib) (n=7 per group. P=0.049 and 0.39 by student’s t-test in PDK1 and PDK3,
respectively). DIC, differential interference contrast. *, P<0.05 and ***, P<0.001 versus
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control (or PBS) group; $, P<0.05 and $$, P<0.01 versus the MCT group.
Immunofluorescent images were taken with a Leica SP8 confocal, laser-scanning
microscope and analyzed with ImageJ. Histology images were taken with a Leica digital
color camera attached to a Leica DM4 microscope and analyzed with a Leica software
(LAS V4.7).

Figure 8. The PDK inhibitor dichloroacetate is effective in reversing MCT RVF in
vivo
Monocrotaline (MCT) rats developed right ventricular (RV) hypertrophy, dysfunction and
pulmonary hypertension, and treatment with sodium dichloroacetate (DCA) improved RV
function in MCT rats.
(A) Summary of mean pulmonary artery pressure (mPAP) and RV systolic and enddiastolic pressures (RVSP and RVEDP, respectively) (The sample sizes for PBS,
PBS+DCA, MCT and MCT+DCA groups are: 9, 6, 7, and 7 respectively in mPAP
measurement, and 10, 6, 11 and 11 respectively in both RVSP and RVEDP measurements.
P-values for PBS+DCA vs. PBS, MCT vs. PBS and MCT+DCA vs. MCT are: 0.98, 7.9x109

and 3.6x10-6 respectively in mPAP, 0.98, 7.1x10-11 and 0.0006 respectively in RVSP, and

0.98, 0.000027 and 0.015 respectively in RVEDP).
(B) Summary of hemodynamic measurements via echocardiography on pulmonary artery
acceleration time (PAAT), RV free wall (RVFW) thickness, RVFW thickening, tricuspid
annular plane systolic excursion (TAPSE) and cardiac output (CO) (The sample sizes for
PBS, PBS+DCA, MCT and MCT+DCA groups are: 13, 7, 23 and 16 respectively in PAAT
measurement, 14, 6, 23 and 17 respectively in RVFW thickness measurement, 13, 6, 23
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and 17 respectively in RVFW thickening measurement, 14, 7, 23 add 15 respectively in
TAPSE measurement, and 12, 6, 23 and 16 respectively in CO measurement. P-values for
PBS+DCA vs. PBS, MCT vs. PBS and MCT+DCA vs. MCT are 0.63, 3.6x10-12 and
0.000018 respectively in TAPSE, 0.96, 7.4x10-12 and 0.000054 respectively in RVFW
thickness, and 0.93, 1.6x10-14 and 0.00031 respectively in RVFW thickening).
(C) Summary of Fulton index [ratio of RV weight to left ventricle plus septum weight
(LV+S), i.e., RV/LV+S] and treadmill distance (The sample sizes for PBS, PBS+DCA,
MCT and MCT+DCA groups are: 9, 6, 16 and 15 respectively in RV/LV+S measurement
and 9, 5, 13 and 15 respectively in treadmill distance measurement. P-values for PBS+DCA
vs. PBS, MCT vs. PBS and MCT+DCA vs. MCT are: 0.99, 8.2x10-13 and 0.0000018
respectively in RV/LV+S, and 0.97, 8.3x10-10 and 0.039 respectively in CO).
(D) RV-PA coupling quantified by TAPSE/mPAP and RVFW thickening/mPAP (The
sample sizes for PBS, PBS+DCA, MCT and MCT+DCA groups are 7, 6, 6 and 7
respectively. P-values for PBS+DCA vs. PBS, MCT vs. PBS and MCT+DCA vs. MCT
are: 0.95, 9.8x10-9 and 0.07 respectively in TAPSE/mPAP, and 0.99, 3.6x10-6 and 0.1
respectively in RVFW thickening/mPAP. P=0.001 and 0.0027 by student’s t-test for
MCT+DCA vs. MCT in TAPSE/mPAP and RVFW thickening/mPAP, respectively).
(E) Proposed mechanistic pathway for the contribution of DNA methylation, pyruvate
dehydrogenase kinase (PDK) and the associated Warburg metabolic phenotype to RV
fibroblasts function in pulmonary arterial hypertension (PAH). DNMT1, DNA
methyltransferase 1; SOD2, superoxide dismutase 2; HIF-1α, hypoxia-inducible factor 1alpha; PDH, pyruvate dehydrogenase; siPDK1&3, small interfering RNA targeting PDK
isoforms 1&3, TGF-β1, transforming growth factor beta-1; CTGF, connective tissue
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growth factor. The Tukey’s post hoc test after ANOVA was performed. ***, P<0.001
versus PBS group; $, P<0.05, $$, P<0.01 and $$$, P<0.001 versus the MCT group.
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Novelty and Significance
What is known?
•

Right ventricular (RV) failure in pulmonary arterial hypertension (PAH) is

associated with increased RV fibrosis
•

RV fibroblasts (RVfib) in PAH are hyperproliferative and profibrotic

•

The Warburg effect (uncoupled glycolysis) occurs in the RV in PAH

What new information does this article contribute?
•

A Warburg mitochondrial metabolic phenotype occurs in RVfib in PAH and causes

a proliferative, profibrotic, phenotype
•

This pathologic RVfib phenotype, which persists despite passage of cells in culture,

is triggered by epigenetic inhibition of superoxide dismutase 2 (SOD2) by DNA
methyltransferase 1 (DNMT1)
•

The resulting reduced redox environment causes normoxic activation in hypoxia-

inducible factor 1-alpha (HIF-1α) leading to increased expression/activity of pyruvate
dehydrogenase kinase (PDK) isoforms 1 and 3 and production of fibrogenic cytokines like
transforming growth factor beta 1 (TGF-β1) and connective tissue growth factor (CTGF)

The fundamental cause of RV fibrosis is unknown. While resident RVfib are responsible
for fibrosis, these cells are understudied. This study examined the genesis and
consequences of abnormal mitochondrial metabolism in RVfib derived from rats with
monocrotaline (MCT)-induced PAH. We demonstrate that DNMT1-mediated DNA
methylation is increased in RVfib driving redox changes that activate HIF-1α and cause a
proliferative, fibrogenic RVfib phenotype that persists despite passage of cells in culture.
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HIF-1α upregulates PDK expression and increases fibrogenic cytokines, like TGF-β1 and
CTGF. Decompensated human PAH RVs also show increased RV fibrosis and have
increased PDK1 expression in RVfib. PDK inhibition reverses the mitochondrialmetabolic phenotype and decreases fibroblast proliferation and collagen production in
vitro. Consistent with this, dichloroacetate improves pulmonary hemodynamics, reduces
RV fibrosis and improves RV function in vivo in a preclinical model of PAH. This work
establishes the epigenetic basis for RV fibrosis and demonstrates that it is therapeutically
tractable. We can now add RVfib to the cells in PAH that have a shared Warburg metabolic
basis for dysfunction.
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