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Abstract
Introduction—Pyruvate dehydrogenase kinase (PDK) is activated in right ventricular
hypertrophy (RVH), causing an increase in glycolysis relative to glucose oxidation that impairs
RV function. The stimulus for PDK upregulation, its isoform specificity and the long-term effects
of PDK inhibition are unknown. We hypothesize that FOXO1-mediated PDK4 upregulation
causes bioenergetic impairment and RV dysfunction, which can be reversed by dichloroacetate.

Methods—Adult male Fawn-Hooded rats (FHR) with pulmonary arterial hypertension (PAH)
and RVH (age 6–12 months) were compared to age-matched controls. Cardiac glucose and fatty
acid oxidation (GO, FAO) were measured at baseline and after acute dichloroacetate (1mM×40-
minutes) in isolated working-hearts and in freshly dispersed RV myocytes. The effects of chronic
dichloroacetate (0.75 g/L drinking water for 6 months) on cardiac output (CO) and exercise
capacity were measured in vivo. Expression of PDK4 and its regulatory transcription factor,
FOXO1, were also measured in FHR and RV specimens from PAH patients (n=10).

Results—Microarray analysis of 168 genes related to glucose or FA metabolism showed >4-fold
upregulation of PDK4, aldolase B and acyl-coenzyme A oxidase. FOXO1 was increased, in FHR
RV whereas HIF-1α was unaltered. PDK4 expression was increased and the inactivated form of
FOXO1 decreased in human PAH RV (P<0.01). PDH inhibition in RVH increased proton
production and reduced GO’s contribution to the TCA cycle. Acutely, dichloroacetate reduced RV
proton production and increased GO’s contribution (relative to FAO) to the TCA cycle and ATP
production in FHR (P<0.01). Chronically dichloroacetate decreased PDK4 and FOXO1, thereby
activating PDH and increasing GO in FHR. These metabolic changes increased CO (84±14 vs.
69±14 ml/min, P<0.05) and treadmill-walking distance (239±20 vs. 171±22 m, P<0.05).
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Conclusion—Chronic dichloroacetate inhibits FOXO1-induced PDK4 upregulation and restores
GO, leading to improved bioenergetics and RV function in RVH.
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INTRODUCTION
Pulmonary arterial hypertension (PAH) is a lethal disease characterized by pulmonary
vascular obstruction and a progressive increase in pulmonary arterial pressure[1]. Although
the primary insult is in the pulmonary vasculature, the leading cause of death in PAH is right
ventricular (RV) failure[2, 3]. Chronic RV pressure overload stimulates right ventricular
hypertrophy (RVH) and can ultimately lead to RV failure. While regression of pulmonary
vascular disease remains the ultimate therapeutic goal, recent animal data suggests that
metabolic derangements in the RV contribute to RV dysfunction[4, 5]. Moreover, several of
these metabolic abnormalities are amenable to therapeutic intervention.

A conserved abnormality in RVH is increased activity and expression of pyruvate
dehydrogenase kinase (PDK). PDK activation inhibits pyruvate dehydrogenase (PDH),
decreasing the contribution of glucose oxidation to acetyl CoA production by the
tricarboxylic acid (TCA) cycle and causing a bioenergetically disadvantageous increase in
glycolysis, relative to glucose oxidation[5]. Such metabolic changes occur in rodent models
of pulmonary hypertension (induced by monocrotaline or chronic hypoxia[6, 7]) and in
models of RV pressure overload, induced by pulmonary artery banding[4]. Interestingly a
similar PDK-mediated increase in glycolysis relative to glucose oxidation (or “glycolytic
shift”) occurs in the pulmonary vasculature in PAH[8, 9]. The glycolytic phenotype appears
to be maladaptive since dichloroacetate, a small molecular inhibitor of all 4 PDK
isoforms[10], improves RV function, regresses pulmonary vascular disease, and increases
exercise capacity in these experimental models[2, 7].

However, many questions regarding RV metabolism remain unanswered, three of which are
addressed in the current study. First, the isoform specificity of RV PDK activation is
uncertain. There are four PDK isoforms[11] and PDK4 is the predominant isoform in heart
and skeletal muscle[12]. There is circumstantial evidence that PDK4 is upregulated in the
RV of humans with PAH[13], and that this is associated with a maladaptive glycolytic RV
phenotype[14, 15]. The RV PDK isoform is relevant not only for development of specific
pharmacological inhibitors, but also mechanistically, because the PDK isoforms have
different transcriptional regulation. HIF-1α causes transcriptional activation of PDK1 by
interaction with the hypoxia response element (HRE) in its promoter[16]. In contrast, the
promoter of PDK4 has glucocorticoid receptor (GR) binding sites, as well as binding sites
for the forkhead transcription factor (FOXO1) and the estrogen related receptor (ERRα).
Interestingly, elegant evidence for FOXO-1-mediated PDK4 activation comes from recent
studies of the left ventricle in diabetic cardiomyopathy[17]. This cardiomyopathy results in
part from microvascular ischemia and capillary rarefaction, a pathogenic mechanism that
has been suggested to occur in PAH-associated RVH[18]. While the stimulus for PDK
activation in the lung in PAH is redox-mediated activation of HIF-1α[8, 19], the stimulus in
the RV is unknown. Finally, although short-term PDK inhibition is beneficial in many RVH
models, including the fawn hooded rat (FHR)[2], therapy has not been extended beyond 1
month[5].

We chose to investigate the isoform specificity of PDK changes in RVH and evaluate the
role of FOXO1 in increasing PDK expression in the FHR, a mutant strain which is unique in
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spontaneously developing PAH and RVH with age[20, 21]. FHR are an appealing model
because the disease develops gradually and is not the result of a toxic pharmacological
stimulus (as is the case with monocrotaline-induced PAH). FHR have a mitochondrial-
metabolic abnormality in the lung circulation characterized by fragmented mitochondria that
are deficient in ETC complex 1 and have a glycolytic shift in metabolism[2, 8]; however, the
role of altered metabolism in the function of the RV in FHR has not been assessed.

We use complementary, quantitative metabolic techniques in LV working hearts and
isolated RV myocytes to measure global and RV energy metabolism, respectively. We
demonstrate that depressed GO in the FHR RV is mediated by FOXO-1-associated increases
in PDK4. The PDK inhibitor dichloroacetate restores PDH activity and enhances GO with
beneficial molecular effects (downregulation of FOXO-1 and PDK4) and functional
improvement (enhanced RV function and exercise capacity).

METHODS
Experimental protocols

The Institutional Animal Care and Use Committees at the University of Chicago and the
University of Alberta approved the protocols performed at the respective institutions. In the
acute dichloroacetate treatment experiments, in which dichloroacetate (1mM) was
administered for 40 minutes in isolated working hearts, two groups of 10–20 month-old rats
were used: female FHR versus age-matched female Sprague-Dawley rats (as Control). In the
chronic dichloroacetate treatment experiments, in which oral dichloroacetate was
administered in the drinking water for 6 months (0.75g/L), three groups of 1-year old male
and female rats were used: Brown Norway rats (as Control), FHR drinking water, and FHR
with chronic dichloroacetate treatment (FHR+Dichloroacetate).

In Vivo Measurements of Cardiac Structure and Function
RVH was measured as the ratio of RV/(LV+septum) weight. For histology, frozen sections
of RV (10μm thick) were stained with hematoxylin and eosin and photographed using a
Zeiss Axiophot and Leaf Microlumina digital camera (Thornwood, NY).

Echocardiography and cardiac catheterization
Echocardiography (to measure RV function) and cardiac catheterization (to measure cardiac
output, RV systolic pressure (RVSP) and tricuspid annular plane systolic excursion
(TAPSE) were performed as described previously[22] (also see online supplement).

Energy Metabolism Measurements in Isolated Working Hearts
The measurement of metabolism and cardiac function in an isolated LV working heart
preparation as described previously[5]. Briefly, the heart was rapidly excised and
subsequently mounted on an aortic cannula and perfused in Langendorff mode (60mmHg)
for approximately 10 min. Next the left atrium was cannulated and heart was placed into
working mode. The hearts were set to work against an 80mmHg aortic afterload and a
11.5mmHg preload. The left side of the heart accounts for the majority of the heart’s
metabolism. Therefore, we used the LV working heart model to assess global cardiac
metabolism. To measure glycolysis and GO, the heart was perfused with Krebs–Henseleit
buffer containing 11mM [5-3H/U-14C] glucose, 0.8mM [9,10-3H/1-14C]palmitic acid, 3%
albumin, and 100μU/ml insulin. The effects of dichloroacetate on GO and glycolysis were
evaluated at 10 minute intervals after adding 1mM dichloroacetate to the perfusate by the
measurement of 3H2O (glycolysis marker) and 14CO2 (GO marker) using a Tri-Carb
2800TR liquid scintillation analyzer (PerkinElmer, Waltham, MA). In separate experiments
FAO was measured by perfusing hearts under identical conditions, except that
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[1-14C]palmitate was used instead of the radiolabelled glucose. The measurement of cardiac
output and cardiac work in this ex vivo model are described in the Supplemental Material.

Myocardial Energetics—Non-oxidative glycolytic metabolism of pyruvate yields lactate
and ATP. If the ATP is hydrolyzed, there is a net production of 2H+ per molecule of
glucose. However, if glycolysis is coupled to GO, there is no net production of protons.
Therefore, the difference between the rates of glycolysis and GO multiplied by 2 yields the
overall rate of proton production from glucose utilization. Total ATP production was
calculated from each of the metabolic rates for glycolysis, glucose and palmitate oxidation
using the following values based on phosphorous/oxygen ratios: 2 mol ATP per mol glucose
undergoing glycolysis, 31 mol ATP per mol of glucose oxidized and 105 mol ATP per mol
palmitate oxidized. TCA cycle production of acetyl CoA was calculated from glucose and
palmitate oxidation rates assuming oxidation of 1 mol glucose yields 2 mol acetyl CoA and
1 mol palmitate produces 8 mol acetyl CoA.

Metabolism in freshly dispersed RV myocytes—The steps for isolation of RV
myocytes and metabolic measurements have been described previously[4] (see online
supplement). Briefly, enzymatically dispersed RV myocytes were plated into 24-well plates
(2 × 104/plate; Seahorse Bioscience, Billerica, MA) and incubated in XF assay medium at
37°C for 2 hours, with or without dichloroacetate (5 mM). The oxygen consumption rate
(OCR) and extracellular acidification rate (ECAR), a measure of lactate production, were
measured using the Seahorse XF24 Extracellular Flux Analyzer (Seahorse Bioscience,
Billerica, MA). OCR reflects either GO, when conducted with 5 mM glucose as the
substrate, or fatty acid oxidation (FAO), when conducted with 1.2 mM palmitic acid as the
substrate. ECAR represents glycolysis with 5 mM glucose in the medium. Metabolic data
were normalized to total protein.

Metabolic gene expression profiles of GO and FAO—RNA was isolated from RV
tissues from control, FHR and FHR+Dichloroacetate groups using RNeasy® Mini Kit
(Qiagen, Valencia, CA) and cDNA was reverse transcribed using RT2 First Strand Kit
(Qiagen, Valencia, CA), following the manufacturer’s instructions. cDNA (25μl) was mixed
with RT2 Master Mix (Qiagen, Valencia, CA) and loaded into 96-well PCR array plates
(Qiagen, Valencia, CA) to investigate the glucose and fatty acid metabolic pathways (84
genes each).

PDH activity, quantitative RT-PCR, Immunostaining and Western blotting—
These techniques were performed as previously described[5] and are outlined in the online
supplement.

Human tissue microarrays
Immunostaining was done on RV cores (1 mm in diameter) from formalin-fixed, paraffin-
embedded archival material of autopsied PAH patients (n=10) or age-matched non-PAH
patients (n=8). Samples were prepared on a tissue microarray. For patient demographics, see
on-line supplement (Supplemental Table 3). The institutional review board was notified of
research on deceased individuals.

After antigen retrieval (95–100°C for 30 min in citrate buffer), human RV tissue
microarrays were incubated overnight at 4°C with anti-PDK4-AR (1:200, Abcam;
Cambridge, MA) or anti-phospho-FOXO1 Thr 24 (1:200, Cell Signaling, Danvers, MA).
Anti-dystrophin (1:100, Abcam) was used to identify the myocytes plasma membrane..
Subsequent processing was the same as for rat RV. The images were captured on a Zeiss
LSM META using 20X and 100x 1.46 NA objective.
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Statistics—Values were expressed as mean ± standard error, except for the PCR array data
which are expressed as mean ± standard deviation (using Qiagen PCR Array Online
Software, http://sabiosciences.com/pcrarraydataanalysis.php). Inter-group differences were
assessed by ANOVA with post hoc testing using Fisher’s least significant difference test. A
paired Student’s t-test was used for assessing the acute effects of dichloroacetate at baseline
versus 40 minutes of perfusion. An unpaired, two-tailed t-test was used to determine the
differences between FHR and FHR with chronic dichloroacetate treatment. A P<0.05 was
considered statistically significant.

RESULTS

General—FHR had PAH, evident from their shorter PAAT corrected for heart rate (FHR
0.08±0.01 vs. Control 0.11±0.01 ms/bpm, P<0.05. Supplemental Fig 1A) and RVH (RV/LV
+septum ratio: FHR 0.30±0.02 vs. Control 0.23±0.01, P<0.05, Supplemental Fig 1B). FHR
also had lower heart rates (FHR: 279±11 vs. Control: 313±19 bpm, P>0.05).

Acute effects of dichloroacetate treatment on the RV—In the isolated working
hearts, GO was reduced in FHR vs. Control (431±73 vs. 1030±174 nmol/min/g dry weight,
P<0.05, Fig 1A). Addition of dichloroacetate (1mM) increased GO in FHR and Control (to
1551±141 and 1729±67 nmol/min/g dry weight, respectively, P<0.01 for each, Fig 1A).

Glycolysis rates were increased in FHR vs. Control (to 6793±665 vs. 4987±248 nmol/min/g
dry weight, P<0.05, Fig 1B). Dichloroacetate tended to reduce glycolysis in FHR, but this
did not reach statistical significance (Fig 1B). The increase in glycolytic activity relative to
GO resulted in an increased proton production in FHR vs. Control (to 12,452±1612 vs.
6,959±862 nmol/min/g dry weight, P<0.01, Fig 1D). Dichloroacetate reduced proton
production in FHR (P<0.05) while having no effect in Control (Fig 1D).

FAO was reduced in FHR vs. Control (161±13 vs. 234±11 nmol/min/g dry weight, P<0.001,
Fig 1C). Dichloroacetate further reduced FAO (to 106±17 nmol/min/g dry weight in FHR
(P<0.01, Fig 1E) and 148±15 nmol/min/g dry weight in Control, P<0.01, Fig 1C).

Dichloroacetate normalized energetics in FHR. Total TCA cycle acetyl CoA production was
reduced in FHR vs. Control (2.3±0.2 vs. 4.0±0.5 nmol/min/g dry weight, P<0.01, Fig 1E).
Dichloroacetate did not alter TCA cycle acetyl CoA production in Control, but significantly
increased TCA cycle acetyl CoA production in FHR (Fig 1E). Consistent with these
findings, total ATP production was decreased in FHR vs. Control (43.1±3.6 vs. 66.6±7.4
nmol/min/g dry weight) and dichloroacetate treatment in FHR increased ATP production to
72.9±5.7 nmol/min/g dry weight (P<0.01, Fig 1F).

The contribution ratio of GO vs. FAO to TCA cycle acetyl CoA production was reduced
from 52%/48% in Control to 44%/56% in FHR (Fig 1G). This ratio was increased by
dichloroacetate to 75%/25% in Control and 79%/21% in FHR, and these changes were
complemented by reductions in FAO contribution to TCA cycle acetyl CoA production (Fig
1G).

The contribution ratio of GO/FAO/glycolysis to total ATP production was 48%/37%/15% in
Control whereas in FHR the ratios reflect a fall in the relative importance of GO versus
glycolysis (37%/39%/24%). Dichloroacetate increased the contribution of GO to ATP
production in Control (GO/FAO/glycolysis: 66%/18%/16%) and in FHR (GO/FAO/
glycolysis: 70%/15%/15%) (Fig 1H). The dichloroacetate-induced increase in reliance on
GO came at the expense of FAO, the contribution of which was significantly reduced (Fig
1H).
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Theses results demonstrate that in RVH, there is a global increase in glycolysis and
reduction in glucose oxidation. This indicates that, at least in FHR, the metabolic changes
are not restricted to the RV (although subsequent data from dispersed RV myocytes directly
confirm the involvement of the RV).

Chronic effects of dichloroacetate treatment on the RV in FHR
RVH and RV Failure—Histology showed RVH and RV myocyte hypertrophy in FHR
versus Control (age-matched Brown Norway rats). Dichloroacetate treatment in FHR for 6
months reversed RVH (Fig 2A&B). Echocardiography confirmed that chronic
dichloroacetate treatment reduced PH (Fig 2C) and improved cardiac function in FHR (Fig
2D-F). Dichloroacetate treatment increased PAAT corrected for heart rate in FHR (P<0.01,
Fig 2C), consistent with a reduction of PH. The reduced TAPSE, a measure of RV function,
was reduced in FHR and was increased by chronic dichloroacetate treatment (Fig 2D).
Consistent with improved RV function, CO was increased from 79±13 (FHR) to 115±7.6
ml/min (FHR+Dichloroacetate), largely due to increased stroke volume (which increased
from 178±37 to 339±23 μl in FHR, P<0.01, Fig 2E&F). There were no differences in heart
rate between groups.

Dichloroacetate also resulted in a statistically insignificant reduction in right ventricular
systolic pressure (Fig 2G). Cardiac catheterization results were consistent with
echocardiography measurements. The FHR had reduced CO (FHR: 69±14 vs. Control:
115±16 ml/min, P<0.05, Fig 2H) and treadmill capacity (FHR: 171±22 vs. Control: 249±17
m, P<0.05, Fig 2I), which were significantly increased in the FHR+Dichloroacetate group
(to CO of 84±14 ml/min and treadmill capacity of 239±20 m, P<0.05 vs. FHR, Fig 2H&I).

Cardiomyocyte metabolism—Using the Seahorse XF Extracellular Flux Analyzer to
measure metabolism in freshly dispersed RV myocytes (Fig 3A), GO and FAO were
reduced whereas glycolysis was increased in FHR (P<0.01, P<0.05 and P<0.01 vs. Control,
Fig 3B–E). This confirms the results from the isolated working hearts and reflects the
metabolic shift in metabolism in myocytes, rather than some other cardiac cell type. The
GO/glycolysis ratio, which was reduced in FHR RV myocytes (P<0.001 vs. Control, Fig
3D), tended to increase with dichloroacetate, although these trends did not reach statistical
significance (Fig 3B–E). FAO did not change significantly with dichloroacetate (Fig 3C).

Metabolic Expression Profiles—PCR array results revealed that among 84 glucose
metabolism-related genes (Supplemental Table 1) the most upregulated genes were PDK4
(6.24-fold increase) (which phosphorylates and inhibits PDH), and aldolase B (4.47-fold
increase), a key glycolytic enzyme required for conversion of 6-carbon, fructose-6-
phosphate into 3-carbon, glyceraldehyde-3-phosphates (P<0.01, P<0.001, respectively for
FHR vs Control RV, Fig 4A). Moreover, dichloroacetate treatment normalized expression of
PDK4 (but not PDK1-3) and aldolase B mRNA (P<0.05, P=0.06, Fig 4B–D). Thirty-eight
glucose metabolism-related genes were down-regulated and two other genes were up-
regulated in the FHR RV (P<0.05); however, dichloroacetate did not normalize these genes
(Supplemental Table 1). The expressions of the remaining 42 genes were unchanged in both
FHR and FHR+Dichloroacetate groups.

Among 84 fatty acid metabolism-related genes, acyl-coenzyme A oxidase 2 and fatty acid
binding protein 3 were increased to 61.2-fold and 1.56-fold (Fig 5A). Twenty-five genes
were down-regulated and two other genes were up-regulated (P<0.05 vs. Control), whereas
57 genes were unchanged in the FHR RV (Supplemental Table 2). Dichloroacetate did not
change the expression of any of the fatty acid metabolism-related genes including fatty acid
binding proteins, fatty acid transporters Slc27 family, and carnitine palmitoyltransferase
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(CPT) family in FHR (Supplemental Table 2, Fig 5B–C, Supplemental Fig 2). Although
acute DCA did decrease FAO in working heart setting, chronic DCA didn’t change FAO in
RV myocytes. Moreover, chronic DCA didn’t alter the expressions of FAO-related genes
such as FA binding proteins and FA transporters. Thus, the changes in response to chronic
dichloroacetate in RVH appear largely related to genes controlling glucose metabolism.

PDK expression and PDH activity—Immunostaining and Western blotting results
demonstrated that PDK2 and PDK4 protein was upregulated in FHR RV myocytes.
Dichloroacetate reduced the expression of PDK4 protein and tended to reduce PDK2 protein
(Fig 6A-D). In contrast, PDK1 and PDK3 were not significantly up-regulated in RVH and
remained unchanged by dichloroacetate (Supplemental Fig 3A–C). Expression of the
glucose transporter, Glut1, was increased in RV in FHR and chronic dichloroacetate therapy
reduced Glut1 expression (Supplemental Fig 3D–E). PDH activity, which was depressed in
the FHR, was increased by chronic dichloroacetate treatment (P<0.05, Fig 6E&F). This
result following 6 months of dichloroacetate therapy is consistent with the improved glucose
oxidation observed with acute, ex vivo dichloroacetate treatment.

FOXO-1 expression and activity—We examined the basis for the upregulation of
PDK4. mRNA level of FOXO1, the gene that increases PDK4 transcription[23], tended to
be increased in FHR and dichloroacetate tended to reduced the expression of FOXO1. The
expression of FOXO1 protein was significantly increased in FHR, and dichloroacetate
normalized FOXO1 protein (Fig 7A&B). Although the increase in FOXO3 mRNA in FHR
was reduced by dichloroacetate (Supplemental Fig 4B), the protein level of FOXO3
remained unchanged in the FHR RV (Supplemental Fig 4D–E). In addition, expression of
the inactivated form of FOXO1, phospho-FOXO1 Thr24, was significantly reduced in FHR.
Phosphorylation of FOXO1 at Thr24 causes export of the transcription factor to the cytosol
(inactivation). In FHR RV myocytes cytosolic phospho-FOXO1 Thr24 was decreased (Fig
7C&D); however, with dichloroacetate treatment, cytosolic expression increased, consistent
with FOXO1 inactivation (Fig 7C&D). The mRNA and protein expression of HIF1a
remained unchanged in FHR and FHR+Dichloroacetate groups versus Control
(Supplemental Fig 4C–D&F).

Human RV tissue microarray
The protein expression of PDK4 was upregulated in RV tissue microarray specimens in
human PAH versus age-gender matched Control (Fig 8 A&B). As in the FHR, the inactive
form of FOXO1, phospho-FOXO1 Thr24, was decreased in RV in PAH patients (Fig 8
C&D), suggesting an increased FOXO1 activity.

DISCUSSION
The study has five major findings. First, we show that impaired oxidative metabolism in RV
myocytes in human and experimental RVH is caused by FOXO-1 mediated up-regulation of
PDK4. Second, in experimental RVH we show that the resulting glycolytic metabolic shift is
associated with RV dysfunction. Third, we show that humans with PAH-associated RVH
has similar changes in FOXO1-PDK4 expression as do the FHR. Although prior studies
have identified a role for PDK in pulmonary hypertension, neither the isoform specificity of
the RV metabolic shift nor the role of FOXO-1 in upregulating PDK4 has been identified.
Moreover, it is demonstrated that whereas FOXO1 is dysregulated in RVH there is no
change in the other putative transcriptional regulator of PDK, HIF-1α or FOXO3 The fourth
major finding is that dichloroacetate, an oral PDK inhibitor, results in sustained benefits to
hemodynamics, RV function, and exercise capacity over a prolonged period (6 months). It is
noteworthy that therapy was not begun until the FHR already manifested PAH and RVH
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(i.e. it regressed established disease). The fifth finding is that long-term dichloroacetate
decreases the expression of FOXO1 and PDK4, correcting the pathologic metabolic
pathway. This observation of therapeutic benefit builds on prior shorter studies of
dichloroacetate in rodents with RVH (<1 month in duration) and clinical trials of
dichloroacetate in children with inherited metabolic disorders and adults with glioblastoma
multiforme[24, 25].

Compared to age-matched Control, FHR have marked increases in rates of glycolysis with a
concomitant suppression of GO and FAO in the FHR RV (Fig 1 & Fig 3). One consequence
of the FHR’s uncoupling of glycolysis from glucose oxidation is an excess proton
production which promotes intracellular acidosis. As expected, the bioenergetic efficiency
of the increased glycolytic RV metabolism was reduced in FHR, leading to reduction in total
TCA cycle acetyl CoA production and ATP production (Fig 1). At the molecular level, the
changes in metabolism can be attributed to increased expression of PDK4 (perhaps with
some contribution from PDK2), and the resulting decrease in RV PDH activity (Fig 4&6).
This metabolic profile, with excess proton production and reduced ATP availability, can
impair cardiac function. Correction of the metabolic abnormalities, which is carefully
documented in the current study, restores RV function, as measured by increased stroke
volume and cardiac output and increases exercise capacity on a motorized treadmill (Fig 2).
Importantly, we also found the upregulation of PDK4 in RV tissue microarray in PAH
patients (Fig 8 A&B), which is consistent with our findings in FHR RVH.

Conserved Glycolytic Phenotypes in Models of RVH
By tracking the metabolic fate of radiolabeled glucose or palmitate in the RV working-heart
model and by measuring myocyte O2-consumption and acid production, using the Seahorse
XF24 Extracellular Flux Analyzer, we avoid reliance on the specificity of pharmacological
inhibitors. These techniques directly confirm that RVH is associated with a switch from
glucose oxidation to glycolysis, consistent with findings in other models of RVH, both with
(monocrotaline) and without (PAB) PAH[4, 5]. In monocrotaline-RVH, GO is also
impaired, and glycolysis, measured by the same 4H-glucose technique, is increased[5]. As in
the current study of FHR, expression of Glut1 (a fetal isoform of the glucose transporter) is
increased in monocrotaline-RVH, while PDH is phosphorylated and inactivated[5]. In both
FHR and monocrotaline RVH, the increased Glut1 supports increased cytosolic influx of
glucose required to support an energetically less efficient glycolytic metabolism
(Supplemental Fig 3D–E). The reduction in PDH activity (also seen in FHR RV) inhibits
GO and the resulting increase in lactate and proton production creates an acidosis that
further impairs contractility. In FHR this acidosis is both calculated from isolated working
heart data (as a proton excess, Fig 1D) and directly measured (from isolated FHR isolated
myocytes, as an increased ECAR, Fig 3D). The potential clinical benefit of improving GO/
glycolysis coupling has also been observed in RVH induced by PAB, with one important
difference: rats with PAB-induced RVH have increased FAO (unlike the mild decrease in
FAO in FHR) (Fig 1C& Fig 3C). In PAB-associated RVH suppression of FAO (using
inhibitors of FAO, trimetazidine and ranolazine) caused a reciprocal increase in GO (a
response called the “Randle Cycle”). This indirect means of increasing GO improves RV
function[4, 5]. Consistent with the importance of the Randle Cycle in the therapy of RVH,
the large decrease in FAO induced by acute dichloroacetate was accompanied by a large
increase in GO and an improvement in RV function. Although FAO was depressed in FHR
(unlike our prior PAB study where it was increased) it can be argued that it was not
optimally depressed. Dichloroacetate can also inhibit FAO by blocking free fatty acid uptake
through inhibitory effects on CPT1[26]. However, most of the effect of chronic
dichloroacetate was on the glucose metabolic pathways and it had little effect on FAO or the
expression of fatty acid metabolism-related genes (Fig 5 & Supplemental Fig 2). Fatty acid
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transporters and fatty acid binding proteins were unchanged in the FHR+Dichloroacetate
group. Although acute DCA did decrease FAO in working heart setting, chronic DCA didn’t
change FAO in FHR. Moreover, chronic DCA also didn’t alter the expressions of FAO-
related genes such as FA binding proteins and FA transporters. Thus, the changes in
response to chronic dichloroacetate in RVH appear largely related to genes controlling
glucose metabolism.

Interestingly, we found that acyl-coenzyme A oxidase 2 is dramatically increased in RV in
FHR group, although chronic dichloroacetate did not alter its expression (Fig 5). Although
acyl-coenzyme A oxidase’s role in RVH is unclear, this enzyme is important in peroxisomal
β-FAO. Treatment of mice with troglitazone, an antidiabetic drug, which activates
peroxisome proliferator-activated receptors, causes hypertrophy and downregulates acyl-
coenzyme A oxidase expression[27]. The effect of acyl-coenzyme A oxidase on cardiac
metabolism and cardiac hypertrophy needs to be further determined.

Effects of Dichloroacetate Treatment on Mitochondrial Metabolism
Following acute dichloroacetate treatment in the isolated working hearts, GO is restored to
rates comparable to that of control hearts, while FAO, which is reduced at baseline, is
further decreased (Fig 1 & Supplemental Fig 1). The increase in GO is expected with
dichloroacetate, reflecting the reactivation of PDH (demonstrated in Fig 6E–F). Multiple
lines of evidence indicate that the metabolic effects of dichloroacetate are beneficial. First,
proton production in FHR hearts is markedly lowered by dichloroacetate treatment. This is
accompanied by increased TCA cycle acetyl-CoA production and ATP production (Fig 2),
suggesting improved coupling between glycolysis and glucose oxidation. This is consistent
with the reduction of Glut1 expression by dichloroacetate (Supplemental Fig 3D–E). We
also observed similar beneficial effects (increased GO and ratio of GO/glycolysis) in the RV
myocytes of FHR (Fig 3E) after 6 months of therapy. PDK4 mRNA and protein expression
are normalized by dichloroacetate (Fig 4&6). This beneficial molecular profile after chronic
dichloroacetate treatment is consistent with improved mitochondrial metabolism (Fig 6E–F),
and translates to improve cardiac function in FHR in vivo (Fig 2).

Interestingly, dichloroacetate reduces the expression of aldolase B, a glycolytic enzyme (Fig
4B&D). Aldolase B catalyzes conversion of fructose 1,6-bisphosphate into glyceraldehyde
3-phosphate and dihydroxyacetone phosphate, therefore regulating glycolysis[28]. Liu et al.
have found that the expression of Glut5 (a fructose transporter) and aldolase B are increased
in hypoxic aortic smooth muscle cells[29]. Aldolase B, hexokinase and phosphofructokinase
are increased in fish ventricles subjected to hypoxia conditions[30]. The reduction in
aldolase B by dichloroacetate may suggest the beneficial effect of dichloroacetate on GO
reduce the demands on glycolytic metabolism.

PDK and Regulation of PDH
Not all PDK isoforms are perturbed in RVH. We note upregulation of predominant cardiac
isoforms, PDK2 and PDK4 (Fig 4&6) while PDK1 and PDK3 are unchanged (Supplemental
Fig 3). It is the upregulation of PDK2 and PDK4 that correlate with the observed extensive
inhibition of cardiac PDH activity. This fingerprint (increased PDK4 but not PDK1) argues
against a role for HIF-1α and favors activation of FOXO1. Consistent with this, the
expression of HIF-1α, mRNA or protein, was not increased in FHR RV (Supplemental Fig
4C–D&F). In contrast, not only was the expression of FOXO1 increased in FHR RV, but
also the inactivated form (phospho-FOXO1) was decreased (as judged by its cytosolic
localization) in RV in both rat and PAH patients (Fig 7&8). FOXO1 increases expression of
PDK4 by binding to its promoter[31]. In skeletal muscle, FOXO1 is activated within hours
of starvation, leading to transcriptional upregulation of PDK4[31]. In human myocytes,
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FOXO1 has been shown to regulate PDK4 activity in response to dexamethasone-induced
decreases in GO[23]. The inhibition of FOXO1 by dichloroacetate has also been reported to
improve human skeletal muscle PDH activity after exercise[32]. These findings suggest the
possibility of a feedback loop in RVH in which energy deficiency, perhaps stimulated by
RV ischemia leads to activation of FOXO1 which, in turn, increases PDK4 (and PDK2)
activity, thereby creating a glycolytic RV metabolic phenotype. Supporting the bi-
directionality of this relationship between FOXO1 and PDK4 we report that the PDK
inhibitor dichloroacetate reduces FOXO1 expression (Fig 7C&D). This feedback loop,
reflecting the restoration of bioenergetics (TCA cycle acetyl CoA production and ATP
production) by dichloroacetate, has not previously been identified to our knowledge.

Limitations
Although we provide evidence for increased expression of activated FOXO1 in the RV in a
model of PAH, we did not directly inhibit FOXO1. The use of FOXO1 knockout mice, as
recently published[17], may be helpful in future studies of regulation of PDK4 in RVH, with
the caveat that murine models of PAH and RVH are not particularly robust.

Although we didn’t measure PVR, we did show PAAT in FHR is shortened and
dichloroacetate normalized PAAT. Thus there are indirect beneficial effects of
dichloroacetate on the lung vasculature. However, there are also direct beneficial effects
(seen in the working heart model where dichloroacetate improved metabolism). Acutely
DCA did not increase cardiac output and only tended to increase cardiac work. We suspect
this indicates that the metabolic changes precede mechanical improvement in function,
particularly as the acute dichloroacetate administration was only performed is an LV
working heart model and improvements in RV function would likely only be see in an RV
working heart model in this pulmonary hypertensive animal. However, the functional benefit
of PDK inhibition is supported by the improvement in RV function that occurs with long-
term therapy in vivo (Fig 2).

Conclusions
In conclusion, there is a maladaptive decrease in GO in the RV of FHR that impairs cardiac
function. This reflects FOXO1-mediated activation of PDK4. Inhibiting PDK improves RV
function and exercise capacity, suggesting a potential therapeutic role for PDK inhibitors in
right ventricular hypertrophy/right ventricular failure.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig 1. Acute dichloroacetate improves RV metabolism in FHR ex vivo
In an isolated LV working heart preparation: A. GO is reduced in FHR versus CTR and
infusion of dichloroacetate (DCA) (1mM for 40 minutes) increases GO in both CTR (age-
matched Sprague-Dawley rats) and FHR. B. Glycolysis is increased in FHR and
dichloroacetate tends to reduce this. C. FAO is reduced in FHR hearts. Dichloroacetate
further decreases FAO in FHR and CTR. D. Proton production from uncoupled glucose
metabolism, which is increased in FHR, is decreased by dichloroacetate. E&F. Total TCA
cycle acetyl CoA production and ATP production are reduced in FHR hearts, and are
increased by dichloroacetate. G. Dichloroacetate increases the TCA cycle acetyl CoA
produced by GO in both CTR and FHR. H. ATP production from GO, which is reduced in
FHR, is increased by dichloroacetate.
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Fig 2. Chronic dichloroacetate treatment reverses RVH in FHR in vivo
A&B. Histology and the statistical bar graph show that the RV myocytes hypertrophy in
FHR is reduced by chronic dichloroacetate treatment (6 months of dichloroacetate 0.75g/l of
drinking water). C. The reduced PAAT corrected for HR in FHR is increased by
dichloroacetate treatment, reflecting a decrease in pulmonary hypertension. D–F. TAPSE,
CO and stroke volume (SV), which are reduced in FHR, are increased by dichloroacetate. G.
RVSP tends to increase in FHR and is unchanged by dichloroacetate. H. The reduced
cardiac output measured by cardiac catheterization in FHR is increased in FHR+DCA. I.
The reduced treadmill waking distance seen in FHR versus CTR is increased by DCA
treatment.
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Fig 3. Metabolic dysfunction in isolated RV myocytes in FHR
A. Images of freshly isolated RV cardiomyocytes from CTR, FHR and FHR+DCA rats.
B&C. GO and FAO is reduced in RV myocytes in FHR. D. Glycolysis is increased in FHR
and dichloroacetate tends to reduce glycolysis in RV myocytes. E. GO/glycolysis is reduced
in FHR and dichloroacetate tends to increase this ratio in isolated RV myocytes.
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Fig 4. Expression profiling of genes related to glucose metabolism highlights the dysregulation of
PDK4 in FHR
A. Volcano plot from rat glucose metabolism PCR Array shows PDK4 mRNA is increased
in FHR RV. B&C. Chronic dichloroacetate treatment normalizes PDK4 mRNA in FHR. D.
The table shows genes that significantly changed (4-fold) in FHR.
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Fig 5. Chronic dichloroacetate treatment does not change fatty acid metabolism gene expression
profile
Volcano plot for rat fatty acid metabolism shows: A. Increased acyl-coenzyme A oxidase 2
mRNA in FHR RV. B. Dichloroacetate did not change expression of fatty acid metabolism-
related genes in FHR. D. The genes that were significantly changed (2-fold) in FHR are
listed.
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Fig 6. Pyruvate dehydrogenase activity is increased by chronic dichloroacetate treatment in FHR
RV
In rats treated with dichloroacetate or control water for 6 months: A. Immunostaining shows
that the increased PDK4 protein expression (red) is reduced by dichloroacetate. Dystrophin
(green) is used to mark the myocytes membrane and nuclei are stained with DAPI (blue).
B&D. Representative immunoblot and mean data normalized to actin expression shows that
both PDK2 and PDK4 are increased in the FHR RV. Dichloroacetate decreases PDK4
expression and tends to decrease PDK2 expression. E&F. Representative images and mean
data showing reduced PDH activity (band density) in FHR RV. Dichloroacetate treatment
increases PDH activity in the RV in FHR.
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Fig 7. Forkhead box protein O1 (FOXO1) is increased in FHR RV
A&B. Representative Immunoblot and mean data normalized to actin shows that FOXO1
protein is increased in FHR RV. Dichloroacetate normalizes FOXO1. C&D.
Immunostaining of Phospho-FOXO1 Thr24 (an inactivated form of FOXO1) shows that
cytosolic expression is reduced in FHR and is restored by chronic dichloroacetate.
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Fig 8.
PDK4 protein is increased and inactive FOXO1 is decreased in RV tissue in Human PAH.
Representative images (each panel is from 1 patient) and mean values from human RV
microarray showing the upregulation of PDK4 (A&B) and downregulation of inactive
FOXO1 (P-FOXO1 Thr24) (C&D) in human PAH RVs vs. age- and gender-match Control.
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