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Introduction
Pulmonary hypertension (PH) is a progressive vasculopathic disease characterized by elevated pulmonary 
artery pressure (PAP) and pulmonary vascular resistance (PVR). Pathogenesis of  the disease involves 
vasoconstriction and vascular remodeling, which lead to vascular obstruction, right ventricular (RV) 
remodeling, and ultimately heart failure (1–4).

On a cellular level, altered metabolism, propagated by mitochondrial dysfunction, has emerged 
as a significant contributor to PH pathogenesis (5, 6). For example, endothelial and pulmonary artery 
smooth muscle cells from animal models and patients with PH exhibit a metabolic switch favoring 
glycolysis even in the presence of  oxygen, and this is accompanied by altered mitochondrial electron 
transport chain (ETC) activities (7–9). This switch to aerobic glycolysis, reminiscent of  malignant cells, 
is thought to at least partially underlie the apoptosis resistance and hyperproliferative cellular pheno-
type that contribute to vascular remodeling (10, 11). Notably, mitochondrial and metabolic aberrations 
are not confined to the pulmonary vasculature. Cardiac tissue and cells from animal models of  PH 
have shown altered mitochondrial ETC enzyme expression, as well as changes in substrate utilization 
(12–17), and increased expression of  glycolytic enzymes has also been reported in the skeletal muscle 
of  PH patients (18). Consistent with a central role for this glycolytic shift in PH pathogenesis, pharma-
cologic therapy that suppresses glycolysis while enhancing oxidative phosphorylation attenuates PH 
progression (10, 15). Nonetheless, it remains unclear whether mitochondrial changes are present out-
side the pulmonary vascular system and how these changes correlate with clinical parameters of  PH. 
Prior studies have utilized positron emission tomography (PET) imaging or muscle biopsies of  select 
PH patients to demonstrate that metabolic changes are linked to hemodynamic alterations in humans 

Accumulating evidence suggests that altered cellular metabolism is systemic in pulmonary 
hypertension (PH) and central to disease pathogenesis. However, bioenergetic changes in PH 
patients and their association with disease severity remain unclear. Here, we hypothesize that 
alteration in bioenergetic function is present in platelets from PH patients and correlates with 
clinical parameters of PH. Platelets isolated from controls and PH patients (n = 28) were subjected 
to extracellular flux analysis to determine oxygen consumption and glycolytic rates. Platelets from 
PH patients showed greater glycolytic rates than controls. Surprisingly, this was accompanied 
by significant increases in the maximal capacity for oxygen consumption, leading to enhanced 
respiratory reserve capacity in PH platelets. This increased platelet reserve capacity correlated 
with mean pulmonary artery pressure, pulmonary vascular resistance, and right ventricular stroke 
work index in PH patients and was abolished by the inhibition of fatty acid oxidation (FAO). 
Consistent with a shift to FAO, PH platelets showed augmented enzymatic activity of carnitine 
palmitoyltransferase-1 and electron transport chain complex II. These data extend the observation 
of a metabolic alteration in PH from the pulmonary vascular axis to the hematologic compartment 
and suggest that measurement of platelet bioenergetics is potentially useful in assessment of 
disease progression and severity.
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(8, 18–20). However, PET imaging is limited in scope, and 
the small volume of  muscle obtained from a biopsy is not suf-
ficient to assess all aspects of  mitochondrial function. Thus, 
a comprehensive assessment of  bioenergetics has not been 
performed, and mitochondrial function is not routinely mea-
sured in PH patients.

Platelets are anucleate cytoplasmic fragments of  mega-
karyocytes containing functional mitochondria. They rep-
resent a noninvasive source of  human mitochondria for 
accurate assessment of  bioenergetics and have been utilized 
to assess systemic metabolic changes in several diseases (21–
24). Additionally, platelets are recognized to play a potential 
role in the pathogenesis of  PH through propagation of  intra-
vascular thrombosis, excess aggregation, and platelet-endo-
thelial cell interactions via secretion of  platelet-derived mol-
ecules (25–27).

Here, we hypothesize that circulating platelets from PH 
patients exhibit altered bioenergetics, which correlate with 
clinical parameters of  disease severity. We demonstrate that 
platelets from PH patients show a shift to glycolysis that is 
accompanied by an increase in respiratory reserve capacity 
due to enhanced fatty acid oxidation (FAO). We show that 
this dysfunction correlates with clinical parameters of  hemo-
dynamic and cardiac function, and we discuss these results in 
the context of  the role of  mitochondria in the pathogenesis of  
PH, as well as the potential to utilize platelets as a marker of  
bioenergetic dysfunction in PH.

 
Results
Platelets from PH patients show increased glycolysis and maximal respiratory capacity. We first compared the bio-
energetics of  platelets isolated from healthy control subjects to those from subjects with WHO Group 1 PH 
(n = 28/group; See Table 1 for demographic and clinical parameters). The glycolytic rate of  platelets from 
both groups was calculated by measurement of  extracellular acidification rate (ECAR), which could be 
inhibited by 2-deoxy-D-glucose (2-DG) (Figure 1A). Similar to other cell types in PH (8, 15), glycolytic rate 
in platelets from PH patients was significantly increased compared with controls (5.04 ± 0.50 mpH/min vs. 
2.99 ± 0.31 mpH/min; P < 0.01; Figure 1B).

Previous studies associate increased glycolysis with dysfunctional mitochondrial oxidative phosphory-
lation (8, 11, 28). Thus, we next measured platelet oxygen consumption rate (OCR). Surprisingly, platelets 
from PH patients showed an increase in absolute rates of  basal respiration, proton leak, maximal uncou-
pled respiration, and nonmitochondrial OCR (Figure 1C). However, after correction for nonmitochondrial 
OCR, basal respiration, and proton leak did not differ significantly between groups (Figure 1D). In con-
trast, maximal uncoupled respiration was significantly greater in platelets from subjects with PH (227.2 ± 
11.6 pmol O2/min; P < 0.0001) compared with controls (131.1 ± 10.2 pmol O2/min; Figure 1D). Physio-
logically, mitochondria respire at a submaximal level and maintain a reserve capacity that can be utilized if  
energy demand is increased (29). This reserve capacity, calculated as the difference between maximal and 
basal OCR, was significantly greater in platelets from PH patients (124.6 ± 11.1 pmol O2/min; P < 0.0001) 
compared with controls (42.1 ± 8.66 pmol O2/min; Figure 1D).

Notably, the alteration in bioenergetics observed in PH patients did not result in any change in 
mitochondrial oxidant production, measured by MitoSOX fluorescence (Figure 1E). Additionally, mea-
surement of  the platelet activation marker P-selectin (CD62) showed no change in platelet activation in 
PH patients (Figure 1F).

Importantly, the majority of  the PH cohort were on pulmonary vasodilator therapy at the time of  
bioenergetic profile assessment. Because these medications potentially affect platelet function, we ascer-

Table 1. Subject demographics and clinical characteristics

Control PH P
n 28 28
Sex (% female) 70.8 86.4 0.29
Age (years) 47 ± 4.0 54 ± 3.0 0.15
Etiology of PH (%)

Idiopathic 67.9
Connective tissue disease 25.0

Other 7.1
WHO FC (%)

1 9.1
2 72.7
3 18.2
4 0

RA pressure (mm Hg) 8.0 ± 0.9
Mean PA Pressure (mm Hg) 45.1 ± 2.3
PCWP (mm Hg) 9.9 ± 0.8
Cardiac Output (l/min) 5.2 ± 0.2
Cardiac Index (l/min/m2) 2.9 ± 0.1
PVR (Wood Units) 7.1 ± 0.6
Platelet count (150-450 x103/
μl)

197 ± 14.6

Medication use (%)
Aspirin 31.2
PDE-5i 68.2

ERA 59.1
PCA 68.2
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tained whether these medications altered platelet bioenerget-
ics. Examination of  platelet bioenergetic parameters stratified 
by PH medication showed no difference in respiration, glycol-
ysis, or oxidant production, regardless of  the use of  phospho-
diesterase-5 (PDE5) inhibitors, prostacyclin analogues (PC), 
or endothelin receptor antagonists (ERA; Table 2).

Enzymatic activities are altered in PH. To determine the 
mechanism underlying increased glycolysis and enhanced 
maximal capacity in PH platelets, we next measured the 
expression and activity of  key enzymatic regulators of  glu-
cose oxidation and oxidative phosphorylation. Consistent 
with increased glycolysis, PH platelets showed a slight trend 

to decreased pyruvate dehydrogenase (PDH) activity (Figure 2A), though no change in pyruvate dehy-
drogenase kinase (PDK) expression was observed (Figure 2, B and C).

Measurement of  the protein expression of  the ETC complexes showed that platelets from PH patients 
had a significant increase in complex II protein expression, with a trend to decreased complex I expres-
sion (Figure 2, D and E). Consistent with this change in expression, complex II enzymatic activity was 
increased (2.66- ± 0.38-fold change; P < 0.05), and complex I activity was significantly decreased (0.54- ± 
0.12-fold change; P < 0.01; Figure 2F). However, no change was observed in the enzymatic activity of  com-
plex IV or that of  the matrix enzyme citrate synthase (Figure 2F).

Reserve capacity is dependent on increased FAO. Fatty acid oxidation can inhibit glucose oxidation (via the 
Randle Cycle; ref. 30), and complex II activity has recently been shown to be stimulated by FAO (31). Thus, 
we next tested whether the enhanced respiratory capacity observed in PH platelets was due to FAO. Basal and 
maximal platelet OCR was measured in the presence of  etomoxir (200 μmol/), an inhibitor of  CPT1, which 
catalyzes fatty acid transport into the mitochondrion. As expected, etomoxir significantly decreased basal 
and maximal OCR in both control and PH platelets. Basal OCR was decreased to a similar extent in both 

Figure 1. PH platelets have altered bioenergetics. (A) Representative 
ECAR tracing in platelets from a control subject and a PH patient. 
(B) Basal glycolytic rate in control and PH subjects (n = 28/group). 
Data are mean ± SEM. (C) Representative platelet OCR profiles from 
1 healthy control subject and a patient with PH. (D) Quantification 
of individual components of the platelet OCR profile in control and 
PH subjects (n = 28/group). Boxes show the 25%–75% percentile; 
whiskers show the minimum-maximum; lines represent the median; 
+ represents the mean. (E) Mitochondrial superoxide production, 
measured by MitoSOX fluorescence, in control (n = 28) and PH (n = 
19) platelets. Data are mean ± SEM. (F) Percent activated platelets, 
as measured by CD62 positivity, in control (n = 19) and PH (n = 16) 
subjects. Data are mean ± SEM. Unpaired 2-tailed t test was used to 
compare groups. *P < 0.01. Oligo, oligomycin; rote, rotenone.

Table 2. PH platelet bioenergetics are not affected by pulmonary vasodilator therapies

PDE-5 Inhibitor Prostacyclin Analogue Endothelin Receptor Antagonist
Bioenergetic 
Parameter

+ – P value + – P value + – P value

# (%) 13 (65) 7 (35) 15 (75) 5 (25) 12 (60) 8 (40)
Basal OCR 2.10 ± 0.16 1.82 ± 0.20 0.31 2.06 ± 0.15 1.84 ± 0.21 0.10 2.02 ± 0.19 1.85 ± 0.17 0.54
Maximal OCR 4.30 ± 0.36 4.08 ± 0.43 0.72 4.27 ± 0.32 4.07 ± 0.64 0.67 4.36 ± 0.38 4.08 ± 0.39 0.61
Nonmito OCR 0.89 ± 10 0.69 ± 0.09 0.09 0.86 ± 0.10 0.56 ± 0.09 0.46 0.81 ± 0.08 0.79 ± 0.16 0.90
ECAR 0.1 ± 0.02 0.07 ± 0.01 0.27 0.09 ± 0.01 0.08 ± 0.01 0.76 0.09 ± 0.01 0.09 ± 0.02 0.90
# (%) 10 (71) 4 (29) 8 (57) 6 (43) 7 (50) 7 (50)
MitoSOX FL 0.03 ± 0.01 0.05 ± 0.02 0.18 0.03 ± 0.01 0.04 ± 0.01 0.46 0.04 ± 0.01 0.04 ± 0.01 0.89
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groups (Figure 3A). However, etomoxir treatment decreased 
maximal respiration to a greater extent in platelets from PH 
patients (ΔOCR = 86.6 ± 12.5 pmol O2/min) compared with 
controls (ΔOCR = 45.1 ± 9.28 pmol O2/min), depleting 
the respiratory reserve and restoring the maximal respirato-
ry capacity of  PH platelets to the level of  control platelets 
(Figure 3B). Consistent with this observation, platelets from 
PH patients showed a significant increase in CPT1 enzyme 
activity versus controls (1.32- ± 0.10-fold change; P < 0.05; 
Figure 3C). Taken together, these data suggest that increased 
FAO underlies enhanced respiratory capacity in PH platelets.

Reserve capacity correlates with clinical parameters. To 
determine whether altered bioenergetics are associated with 
clinical markers of  PH, we next performed linear regression 
analysis between patient hemodynamic parameters and the 

reserve respiratory capacity in PH platelets (Figure 4, A–C). Platelet reserve capacity correlated positively 
with mean pulmonary artery pressure (mPAP; R2 = 0.168, P = 0.047; Figure 4A) and PVR (R2 = 0.176,  
P = 0.042; Figure 4B). Given that RV function is a key predictor of  survival (32–34), we also checked for an 
association of  RV stroke work index (RV SWI) to bioenergetics to find that platelet reserve capacity showed 
a significant correlation with RV SWI (R2 = 0.271, P = 0.032; Figure 4C) in PH patients.

Discussion
In this study, we demonstrate that platelets from WHO Group 1 PH patients show altered bioenergetics 
compared with healthy controls. This alteration is characterized by increased glycolysis, which is accom-
panied by an augmented respiratory reserve capacity that is dependent on FAO. Notably, the increase in 
reserve capacity correlates positively with hemodynamic parameters, including mPAP, PVR, and RV SWI. 
These results are significant, as they confirm that PH patients have a platelet metabolic alteration that 
mirrors what has previously been observed in pulmonary vascular cells and cardiomyocytes. Further, the 
ability to measure these changes in platelets and their significant correlation with clinical parameters sug-
gests that measurement of  platelet bioenergetics could potentially be developed into a useful tool to assess 
clinical disease severity and progression.

Previous studies have suggested that oxidative phosphorylation in PH patients is depressed due to decreased 
mitochondrial protein expression or enzymatic damage (8, 11, 28). Contrary to these studies, our data demon-
strate no change in basal respiration rate and significantly higher maximal respiratory capacity in platelets from 
PH patients. The reason for this difference between our data and prior studies may be due to differences in 
methodology or cell type. For example, Xu et al. demonstrated decreased respiration rates (measured by Clark-
type oxygen electrode) in permeabilized endothelial cells with the supplementation of exogenous mitochondri-
al substrates (8), while the extracellular flux analysis employed in this study utilized intact cells and relied on 
the presence of endogenous substrate. Thus, it is possible that mitochondria from PH patients consume oxygen 

Figure 2. Altered enzymatic activity in PH platelets. (A) Enzymat-
ic activity of PDH in platelets from control (n = 7) and PH (n = 9) 
subjects. Data are mean ± SEM. (B) Representative Western blots 
for PDK1 and integrin αIIβ expression in platelets from control 
and PH subjects. (C) Quantification of PDK1/integrin αIIβ protein 
expression in platelets from control (n = 17) and PH patients (n = 
17). (D) Representative Western blots for complexes (Cx) I, II, IV, 
and V and integrin αIIβ expression in platelets from control and 
PH subjects. (E) Quantification of complex/integrin αIIβ protein 
expression in platelets from control (n = 8) and PH patients (n 
= 6). (F) Enzymatic activity (fold-change of control) of platelet 
mitochondrial Cx I, II, and IV and citrate synthase (CS) from control 
(n = 12) and PH (n = 17) subjects. Boxes show the 25%–75% percen-
tile; whiskers show the minimum-maximum; lines represent the 
median; + represents the mean. Unpaired 2-tailed t test was used 
to compare groups. *P < 0.01.
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at a lower rate when other components of the cell are not considered but, in the intact cell, show 
no difference in respiratory rate. Further study is required to determine whether differences in 
OCRs between these two studies are due to methodological differences or whether the alterations 
we observe are specific to the platelet and not present in endothelial cells.

Cells generally work at a fraction of  their maximal capacity and possess a large reserve 
capacity that enables upregulation of  energy production under conditions of  stress or 
excess energy demand (31, 35). Notably, the depletion of  mitochondrial reserve capacity 
has been linked to increased cellular susceptibility to death in the presence of  a number of  
stimuli (29, 36, 37). Thus, it is interesting to speculate that mechanisms to increase reserve 
capacity may underlie the apoptotic resistance observed in other cell types in PH (10, 11, 
38). Our data suggest that substrate switching, particularly increased FAO, underlies this 
enhanced reserve capacity. These observations in platelets are consistent with prior studies 
linking FAO to increased reserve capacity in cardiomyocytes (7, 14). Our data also mirror 
prior studies in other tissues in PH demonstrating a decreased reliance on glucose oxidation 
(15) and increased FAO enzyme activity (13). The observed trend toward decreased PDH 
activity and increased CPT1 enzyme activity observed in the PH platelets provides an enzy-

matic basis for substrate switching. Collectively, these data suggest that substrate utility changes in PH 
are not limited to the pulmonary vasculature.

Our data show significant changes in the expression and 
activity of  the ETC in PH platelets. We demonstrate a decrease 
in complex I protein expression and activity, which has been 
observed in other cell types derived from PH patients and animal 
models and is thought to underlie the glycolytic switch (11, 39). 
Notably, the greatest change was in the increased expression (1.5-
fold) and activity (2.7-fold) of  complex II, succinate dehydroge-
nase. Complex II is uniquely situated as part of  the tricarboxylic 
acid (TCA) cycle, as well as an entry point of  electrons into the 
ETC. Notably, complex II has recently been shown to act as a sen-
sor for increased FAO, which upregulates its activity to facilitate 
increased reserve capacity in cardiomyocytes exposed to hypoxic 
stress (31). Interestingly, others have noted increased complex II 
activity in cardiomyocytes from animal models of  PH, and this 
increase has been linked to exacerbated mitochondrial oxidant 
production and heart failure (17). Our study showed no signifi-
cant difference in mitochondrial superoxide production in plate-
lets from PH patients compared with healthy controls, suggesting 
potential cell type differences in mitochondrial redox signaling. 
Another explanation for the lack of  increased mitochondrial 
oxidant production is that our cohort represents a group with 
compensated disease, as evidenced by normal cardiac output 
and index. Hence, a cohort of  patients with more advanced or 
decompensated PH may reveal mitochondrial changes that are 
even more similar to those observed in animal models.

Figure 3. Increased reserve capacity in PH platelets is dependent upon enhanced FAO. (A and B) Basal 
and maximal OCR in platelets from control (n = 13) and PH subjects (n = 16) untreated and treated with 
etomoxir. Boxes show the 25%–75% percentile; whiskers show the minimum-maximum; lines represent 
the median; + represents the mean. Two-way ANOVA with Bonferroni adjustment for multiple compari-
sons was used to compare groups. (C) Enzymatic activity of platelet CPT1 in control (n = 11) and PH (n = 12) 
subjects. Data are mean ± SEM. Unpaired 2-tailed t test used to compare groups. *P < 0.01.

Figure 4. PH platelet reserve capacity correlates with hemodynamic parameters. Linear regression of 
platelet respiratory reserve capacity with (A) mean pulmonary artery pressure (mPAP), (B) pulmonary 
vascular resistance (PVR), and (C) right ventricular stroke work index (RV SWI).
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A recent study demonstrated that platelet activation induced by thrombin leads to increased platelet 
FAO and lipid mobilization through the actions of  cytosolic phospholipase A2 (40). Although our data 
show upregulated FAO in PH platelets, we did not observe a significant increase in platelet activation 
markers. This is potentially due to the majority of  our cohort being treated with PC, which have been 
demonstrated to directly inhibit platelet activation (41–43). Further study is required to define the lipid 
profile of  platelets from PH patients and to determine whether (in the absence of  medication) altered 
platelet bioenergetics are linked to changes in platelet function in PH. This is particularly important since 
platelet activation has historically been thought to play a prominent role in PH pathogenesis. In addition to 
mediating thrombosis, activated platelets store and secrete vasoactive and mitogenic mediators, including 
thrombospondin-1, thromboxane A2, and serotonin, that together cause vasoconstriction and propagate 
smooth muscle proliferation (reviewed in refs. 27, 44) — key events in the pathogenesis of  PH.

In contrast to the potential effects of medication on platelet activation, our data suggest that the altered 
mitochondrial bioenergetics observed in PH platelets is not significantly affected by the major classes of PH 
therapeutics. However, this should be further examined in larger cohorts, as a potential limitation of our analysis 
was the small sample size of the subgroups on medication. Additionally, these data do not reveal whether the 
magnitude of bioenergetic change with disease progression is attenuated over the course of treatment. Studies 
evaluating these parameters over the course of disease treatment will be useful in determining whether changes 
in platelet bioenergetics can be utilized as markers to assess changes in systemic metabolic dysfunction in PH.

The finding that platelet respiratory reserve capacity correlates with mPAP and PVR presents a link 
between platelet mitochondrial function and disease severity. Notably, RV function predicts survival more 
accurately than PVR and is considered the key determinant of  outcome in PH (32–34). The association of  
increased RV SWI, a measure of  ventricular workload and contractility, with mitochondrial energetics in this 
cohort of  well-compensated patients may suggest a role for enhanced mitochondrial capacity as an adaptive 
mechanism. However, it is interesting to speculate that reserve capacity may diminish as the RV decompen-
sates. Further investigation is required to determine whether this association persists in patients with very 
advanced PH and heart failure. Notably, we did not assess whether platelet bioenergetic alterations correlated 
with brain natriuretic peptide (BNP) levels, an established marker of  disease severity (45). Further, the major-
ity of  the current cohort were classified as WHO functional class 2 (moderate PH), thus we were underpow-
ered to compare bioenergetics between functional classes. Additional investigation into the correlation of  
platelet reserve capacity and ECAR with other established markers of  PH severity will be important to per-
form in larger future cohorts. Interestingly, associations have been demonstrated by utilizing [18F]fluoro-d-glu-
cose (FDG) PET imaging of  the heart in which increased glucose uptake correlated with hemodynamic 
parameters (19, 20). While FDG-PET imaging has been proposed as a technique for assessing PAH severity 
and right heart failure (19, 20), measurement of  bioenergetics in a simple blood draw as demonstrated here 
may provide similar information more efficiently and be more inclusive of  a broader population of  patients.

Lastly, it is important to consider the present findings in the context of  BM pathology, a well-docu-
mented characteristic of  PH (46, 47). Several cell types from the myeloid lineage, including mesenchymal 
stem cells, fibrocytes, and hematopoietic stem cells, have been implicated in the pathogenesis of  PH (47). 
For example, mast cells are known to be increased in vascular lesions of  lungs explanted from PH patients 
(48, 49), and inhibition of  mast cell degranulation in animal models of  PH attenuates RV hypertrophy (50). 
Similarly, depletion of  fibrocytes in a mouse model of  PH inhibited pulmonary artery thickening (51). It is 
unclear whether these myeloid-derived cells are part of  an adaptive response that leads to pathogenesis or 
whether they are dysfunctional. Our data show that platelets, which are formed in the BM and retain the 
mitochondria of  their megakaryocyte precursors, have altered bioenergetics. This presents a mechanistic 
link between altered myeloid function and metabolic dysregulation of  the pulmonary vasculature. While 
the status of  cellular metabolism in other BM-derived cells in PH is currently unknown, this represents an 
interesting avenue of  future study.

In summary, this study shows that patients with PH show aberrations in metabolism beyond the pul-
monary artery and cardiac tissue, and that platelets from these patients can be used to assess mitochondrial 
changes. This metabolic alteration is characterized by an increased mitochondrial reserve capacity that is 
dependent on increased FAO and linked to an increase in complex II activity. Notably, these changes are 
not affected by common therapeutics, and they correlate with clinical hemodynamic parameters. The find-
ings of  this investigation warrant further study of  platelet mitochondrial function in progression of  PH and 
response to therapy, particularly in the context of  emerging mitochondrial therapeutics.
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Methods
Study population. The PH group consisted of  patients classified as WHO Group 1 based on ref. 52 pre-
senting to the University of  Pittsburgh Medical Center (UPMC) Heart and Vascular Institute Pulmonary 
Hypertension Clinic. The control group consisted of  healthy age and sex-matched participants without 
known cardiopulmonary or hematologic disease. In the PH group, hemodynamic parameters (Table 1) 
were derived from right heart catheterization performed within 1 calendar year of  bioenergetic assessment. 
WHO Functional Class and Etiology of  PH was determined for 22 of  the 28 subjects.

Platelet isolation. Platelets were isolated by differential centrifugation and number quantified as previous-
ly described (23, 24). Briefly, venous blood was collected in citrate by standard venipuncture. Whole blood 
was centrifuged (150 g; 10 min) in the presence of  PGI2 (1 μg/ml) to obtain platelet-rich plasma (PRP). 
Platelets were pelleted from PRP by centrifugation (1,500 g; 10 min), washed in erythrocyte lysis buffer 
containing PGI2, and then resuspended in modified Tyrode’s buffer (20 mmol/l HEPES, 128 mmol/l 
NaCl, 12 mmol/l bicarbonate, 0.4 mmol/l NaH2PO2, 5 mmol/l glucose, 1 mmol/l MgCl2, 2.8 mmol/L 
KCl, pH 7.4) (Sigma-Aldrich). CD41a expression measured by flow cytometry was used to confirm that 
platelets were >99% pure.

Measurement of  platelet bioenergetics. OCR and ECAR were measured in isolated platelets (50 × 106/well) 
by extracellular flux analysis (XF24, Seahorse Biosciences) as previously described (23). After measurement 
of  basal OCR, OCR due to proton leak was determined by oligomycin A (2.5 μmol/l) treatment. Maximal 
uncoupled OCR was measured by the addition of  the uncoupler carbonyl cyanide p-(trifluoro-methoxy) 
phenyl-hydrazone (FCCP; 0.7 μmol/l). Nonmitochondrial OCR (defined as the OCR of  all cellular pro-
cesses excluding mitochondrial respiration) was measured in the presence of  rotenone (10 μmol/l). In a 
subset of  samples, etomoxir (200 μmol/l) was added to quantify FAO-dependent OCR. Glycolytic rate 
was calculated by determining ECAR, which was sensitive to 2-DG (100 mmol/l) (Seahorse Bioscience).

Mitochondrial ROS generation. Platelets were incubated with MitoSOX (Invitrogen; 5 μM, 10 minutes). 
Fluorescent intensity was measured kinetically at 510/580 nm.

Platelet activation. Platelet activation was performed as previously described (23). Platelets were incu-
bated with phycoerythrin-labeled (PE-labeled) mouse anti–human CD41a antibody (catalog 555467, BD 
Biosciences) and allophycocyanin-labeled (APC-labeled) mouse and anti–human CD62 antibody (catalog 
550488, BD Biosciences; 30 min, 25oC) to measure surface P-selectin expression by flow cytometry (LSR-
Fortessa with FASCDiva software; Becton Dickinson). Platelets were identified by their characteristic light 
scatter and CD41a antibody binding. Activated platelets are represented as percentage of  10,000 CD41a+ 
platelets exhibiting APC-CD62P fluorescence.

Mitochondrial enzyme expression. Mitochondrial protein expression was measured by Western blot as 
previously described (23). Antibodies for complexes (Complex I MS112, Complex II MS204, Complex 
IV MS407, ATP synthase [Complex V] MS502) were purchased from MitoSciences, except integrin αIIβ 
antibody (catalog sc-166599, Santa Cruz Biotechnology Inc.). Antibody for PDK1 (catalog ab110335) was 
purchased from Abcam.

Carnitine palmitoyltransferase-1 (CPT1) and PDH activities. CPT1 and PDH activities were determined in 
isolated platelets spectrophotometrically based on ref. 53 and utilizing a PDH activity kit (Pyruvate Dehy-
drogenase Enzyme Activity Microplate Assay Kit, catalog ab109902, Abcam), respectively. CPT1 activity of  
isolated platelets was determined by spectrophotometrically monitoring the generation of  CoA-SH from 100 
μM palmitoyl-CoA in the presence of  5 mM L-carnitine and 200 μM 5,5’-dinitro-bis-(2-nitrobenzoic acid) 
(DTNB) at an absorbance of  412 nm. PDH activity in platelets was quantified using a microplate assay kit 
according to manufacturer’s instructions (Abcam). Platelet proteins were solubilized by addition of  detergent 
(1/10 volume) and then added to anti-PDH antibody–coated wells of  a microplate to facilitate immunocap-
ture of  active PDH. PDH activity was then determined spectrophotometrically by monitoring the reduction 
of  NAD+ to NADH, coupled to the reduction of  a reporter dye at absorbance 450 nm.

ETC complex activity. Enzymatic activity of  complexes I, II, and IV and citrate synthase were performed 
as previously described (54).

Statistics. Statistics were performed on Graphpad Prism 7.0 software. Data were compared by ANOVA 
or Student t test where appropriate. Correlations were determined by 2-tailed Pearson’s correlation and 
linear regression analysis with 95% CI. P < 0.05 was considered significant. Data are means ± SEM.

Study approval. This study was approved by the IRB of  the UPMC, and written informed consent was 
obtained from all subjects.
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