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2018.—Secreted exosomes are bioactive particles that elicit profound
responses in target cells. Using targeted metabolomics and global
microarray analysis, we identified a role of exosomes in promoting
mitochondrial function in the context of pulmonary arterial hypertension (PAH). Whereas chronic hypoxia results in a glycolytic shift in
pulmonary artery smooth muscle cells (PASMCs), exosomes restore
energy balance and improve O2 consumption. These results were
confirmed in a hypoxia-induced mouse model and a semaxanib/
hypoxia rat model of PAH wherein exosomes improved the mitochondrial dysfunction associated with disease. Importantly, exosome exposure increased PASMC expression of pyruvate dehydrogenase
(PDH) and glutamate dehydrogenase 1 (GLUD1), linking exosome
treatment to the TCA cycle. Furthermore, we show that although
prolonged hypoxia induced sirtuin 4 expression, an upstream inhibitor
of both GLUD1 and PDH, exosomes reduced its expression. These
data provide direct evidence of an exosome-mediated improvement in
mitochondrial function and contribute new insights into the therapeutic potential of exosomes in PAH.
exosome; glutamate dehydrogenase; glycolysis; hypertension; hypoxia; pulmonary; pyruvate dehydrogenase; sirtuin 4; tricarboxylic
acid cycle

INTRODUCTION

Pulmonary arterial hypertension (PAH), a vascular remodeling disease of the lungs, results in increased pulmonary
vascular resistance leading to right ventricular failure. Excessive proliferation and impaired apoptosis of pulmonary artery
(PA) smooth muscle cells (PASMCs) are thought to be key
contributors to the remodeling associated with PAH (33, 41).
Despite the availability of therapies that improve the symptoms
of PAH and major advances in our understanding of molecular
mechanisms that underlie vascular remodeling, a cure for the
disease has yet to be identified. Emerging evidence suggests
that abnormalities exist in multiple organ systems (heart, skeletal muscle, and spleen), all of which contribute to the pathogenesis of PAH (4, 44). Therefore, current therapies focused on
lung architecture may fail to treat all complexities of the
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disease. The finding that PAH is a metabolic disease could
provide a unifying model to explain phenotypic similarities in
diseased cells from multiple tissues.
Insulin resistance and glucose intolerance, secondary to
mitochondrial dysfunction, have been shown to correlate
with PAH pathogenesis (1, 5, 66). Similar to a cancerous
phenotype, PAH-associated cells undergo a metabolic shift
toward glycolysis and lactic acid fermentation, which enables sustained ATP production and uncontrolled cellular
growth (45). The resulting hyperproliferation and resistance
to apoptosis complexes with aberrant mitochondrial function in the form of diminished glucose oxidation, anaplerosis into the TCA cycle, and oxidative phosphorylation (12,
16, 49, 51). Because these abnormalities are thought to
precede disease progression in PAH, therapeutic targeting of
mitochondrial dysregulation could provide an avenue into
disease prevention or reversal (23). Although several strategies for targeting the metabolic aspects of PAH have been
proposed (56), a multifaceted approach may be required to
combat the underlying metabolic causes, in addition to
regeneration of lung microvasculature.
Stem cell therapy has emerged as a promising strategy for
the treatment of PAH (54). However, stem cell transplants
are often complicated by graft-versus-host concerns (28).
Further studies determined that paracrine signaling in the
form of exosomes could harness the benefits of stem cell
therapy while avoiding transplantation-induced complications (64). Indeed, promising work has described an exosome-mediated reversal of the pulmonary arterial muscularization and right ventricular hypertrophy associated with
PAH (22, 31). Because emerging evidence suggests that
exosomes contain mitochondrial material (30, 46, 62), we
hypothesized that they could have a previously unidentified
role in the promotion of mitochondrial function within the
context of PAH.
Herein, we sought to determine whether mesenchymal stromal cell (MSC)-derived exosomes could improve the mitochondrial deficit in PAH. To that end, we examined the impact
of exosomes on mitochondrial health in PASMCs after a
chronic hypoxia exposure and in a semaxanib/hypoxia rat
model of PAH. Our findings establish an important role for
exosomes in increasing metabolic flux into the TCA cycle
through regulation of the sirtuin 4 (SIRT4) signaling pathways,
thus improving mitochondrial function. These data suggest that
exosomes function to improve the underlying metabolic dysfunction associated with PAH.
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METHODS

Preparation of exosomes. Primary human bone marrow-derived
mesenchymal stromal cells (MSCs; RoosterBio) were cultured as previously described (31). In brief, MSCs were grown in KT-001 growth
media (RoosterBio) until 100% confluent. Cells were then washed twice
with PBS and incubated in serum-free, protein-free basal media for 48 h.
Conditioned media was collected, filtered (0.2 m filter), and adjusted to
10 mM EDTA and 25 mM HEPES. Conditioned media was concentrated
by tangential flow filtration (Sartorius), and exosomes were purified using
a size exclusion column packed with Sepharose CL-2B resin (GE
Healthcare). In-line A280 wavelength data collection and choline-containing phospholipids such as lecithin, lysolecithin, and sphingomyelin
(Phospholipid Assay Kit, Sigma) were measured and used to identify and
pool the exosome-containing fractions.
Exosome antibody array. Exosomes were examined for known
exosome markers flotillin-1, intracellular adhesion molecule, ALIX,
CD81, CD63, epithelial cell adhesion molecule, annexin A5, and
tumor susceptibility gene 101, using Exo-Check according to manufacturer’s instructions (System Biosciences). Cis-golgi matrix protein
130 was used as a control for cellular contamination. In brief, a
300-g exosome sample was lysed in radioimmunoprecipitation assay
(RIPA) and incubated overnight on the array. Arrays were then
incubated in detection buffer for 2 h at room temperature and imaged
using SuperSignal West Femto Chemiluminescent Substrate (Thermo
Fisher).
Proteomics and RNAseq on exosome samples. RNA sequencing
was run at Genewiz using standard RNA-seq services Illumina HiSeq
2 ⫻ 150 bp analysis (Morrisville, NC). Data analysis was done using
Ingenuity Pathway Analysis (IPA) software described below. Proteomics was conducted by Bioproximity using global proteomic
profiling ultra-performance liquid chromatography tandem accurate
mass spectrometry and up to 10,000 sequencing events (15-cm column, 20-min gradient; Chantilly, VA). Protein (Fig. 1D) acronyms are
defined as follows: GPI, glucose-6-phosphate isomerase; ALDO,
aldolase; TPI, triosephosphate isomerase; GAPDH, glyceraldehyde
3-phophate dehydrogenase; ENO, enolase; PGAM, phosphoglycerate
mutase; PK, pyruvate kinase; OGDH, oxoglutarate dehydrogenase;

ETFA, electron-transfer-flavoprotein-␣; and ATPase, adenosine
triphosphate synthase. Gene (Fig. 1D) acronyms are defined as follows: ALDOA, aldolase fructose-bysphosphate A; ENO3, enolase 3;
GPI, glucose-6-phosphate isomerase; HK2, hexokinase 2; HK3,
hexokinase 3; PFK, phosphofructokinase 1; PGM, pohsphoglucomutase 1; PK, pyruvate kinase; MDH2, malate dehydrogenase 2; OGDH,
oxogluterate dehydrogenase; PC, pyruvate carboxylase; PDHA1, pyruvate dehydrogenase E1 ␣1-subunit; PDHB, pyruvate dehydrogenase
E1 ␤-subunit; SDHA, succinate dehydrogenase complex flavoprotein
subunit A; SDHC, succinate dehydrogenase complex subunit C;
SUCLG2, succinate-CoA ligase GDP-forming ␤-subunit; NDUFC2,
NADH ubiquinone oxidoreductase subunit C2; NDUFB1, NADH
ubiquinone oxidoreductase subunit B1; NDUFS5, NADH ubiquinone
oxidoreductase subunit S5; NDUFA8, NADH ubiquinone oxidoreductase subunit A8; NDUFA9, NADH ubiquinone oxidoreductase subunit A9; NDUFS2, NADH ubiquinone oxidoreductase subunit
S2; UQCRH1, ubiquinol-cytochrome-c reductase hinge 1; COX6c1,
cytochrome-c oxidase subunit Vic; and COX10, heme A farnesyltransferase cytochrome-c oxidase assembly factor.
In vitro chronic hypoxia PASMC culture. Primary human PASMCs
(Lonza) were cultured in DMEM with 10% FBS (Thermo Fisher)
under standard culture conditions. At confluence, cells were rinsed
with PBS and incubated in DMEM ⫹ 2% exosome-depleted FBS
(SBI) with 10% well volume of PBS or exosome (EXSM) treatment
at 4% oxygen (i.e., 200 l of EXSM ⫹ 1.8 ml of PASMC culture
media per well, in a 6-well plate format; ~2 ⫻ 107 exosomes per
treatment). Cells were maintained in hypoxia for 2 wk, treated
biweekly on culture days 1, 4, 8, and 11. In EXSM dose response
studies, PASMCs were treated biweekly with 1.25, 2.5, 5, and 10%
well volume PBS or EXSM during hypoxic exposure (n ⫽ 4 – 8 per
group for all PASMC studies). Cells and media were collected and
frozen at ⫺80°C for the assays described below. PASMC supernatant
was collected (n ⫽ 8 per group), and citrate content was measured
using a Citrate Assay Kit (Abcam, cat. no. ab83396), according to
manufacturer’s instructions. All PASMCs were used between passages 1 and 3 and were purchased commercially from Lonza as
primary cells. Four different PASMC donors were used throughout

Fig. 1. Isolated exosomes demonstrate expression of known exosome markers and contain metabolic gene and protein content. A: Western blot array of exosome
proteins. B: transmission electron microscopy imaging for exosome size and morphology. C: nanoparticle tracking for exosome size and concentration. D:
proteomic and RNAseq analysis demonstrated that exosomes contain several proteins and genes involved in glycolysis, TCA cycle, and electron transport chain.
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these studies (donor 1: male, Caucasian, 51 yr; donor 2: male,
Hispanic, 35 yr; donor 3: female, African American, 34 yr; donor 4:
female, Caucasian, 56 yr).
Metabolomics and microarray analysis. PASMCs were cultured
and treated with EXSM or PBS after normoxia or chronic hypoxia
exposure as described above (n ⫽ 3 for normoxia group, n ⫽ 4 for
hypoxia and hypoxia ⫹ EXSM groups). PASMCs were pelleted,
supernatant was aliquoted, and rat PAs were ground in liquid nitrogen.
PAMSC pellets, supernatant aliquots, and rat PA were processed at
Qiagen using illumine microarray HumanHT-12 v4 Expression Beadchip Array for microarray gene analysis. Cell pellets and conditioned
media were processed at Metabolon using the global metabolomics
platform which utilizes ultra-high-performance liquid chromatography/tandem accurate mass spectrometry and an in-house mLIMS
metabolite standard library for metabolomics profiling. Metabolomics
data was analyzed using Metabolync software (Metabolon, Morrisville, NC). Metabolite figure acronyms are defined as follows: Gly,
glycine; Ser, serine; Thr, threonine; Ala, alanine; Asp, aspartate; Glu,
glutamic acid; His, histidine; Lys, lysine; Phe, phenylalanine; Tyr,
tyrosine; Trp, tryptophan; Leu, leucine; Ile, isoleucine; Val, valine;
Met, methionine; Cys, cysteine; Tau, taurine; Arg, arginine; Pro,
proline; Cre, creatine; PA, polyamine; GSH, glutathione; and GAA,
␥-glutamyl amino acid.
IPA analysis. Gene expression fold changes between treatment
and control groups were analyzed through the use of IPA (QIAGEN, https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis). Briefly, an IPA core analysis using the HumanHT-12 v 4.0 reference set was performed to interpret data in
the context of known (canonical) pathways and biological processes. Genes that were expressed below a log-2 fold change of
0.25 were removed from the analysis. To assess differential expression of specific targets [e.g., SIRT4, glutamate dehydrogenase
1 (GLUD1)] between treatment and control groups, custom pathways were created, and connections to canonical pathways were
made through use of the IPA knowledgebase.
PASMC proliferation in vitro assay. PASMC proliferation was
measured using the BrdU Cell Proliferation Assay Kit (Cell Signaling
Technology, cat. no. 6813) and the Proliferating Cell Nuclear Antigen
(PCNA) ELISA Kit (Cell Biolabs, cat. no. CBA-254). PASMCs
(ATCC) were seeded at 2,000 cells/well in 96-well plates in DMEM
with 10% FBS (Corning) under standard culture conditions for 24 h.
PASMCs were rinsed with PBS and incubated in DMEM with 0.1%
FBS to induce starvation conditions for 48 h. Cells were then treated
with 0.5, 1, 3, 10, or 20% well volume of EXSM treatment or PBS
(n ⫽ 3 per treatment), and FBS was added to 5% per well. Cells were
incubated in normoxia or 4% oxygen for 4 days. In one plate, BrdU
solution was added to wells and incubated for an additional 24 h in
normoxia or 4% oxygen before fixing cells. Detection antibody and
horseradish peroxidase-conjugated secondary antibody were added
and the absorbance measured. Media was removed from another set of
plates, and the cells were frozen at ⫺80°C for 4 h. Cell lysate was
extracted in RIPA Lysis Buffer (Thermo) overnight. Samples and
standard were plated on an anti-PCNA-coated plate and stained with
anti-PCNA and secondary horseradish peroxidase conjugate antibody.
Absorbance of both BrdU and PCNA plates was measured at 450 nm.
Western blot analysis. PASMC lysates were prepared using RIPA
buffer (Thermo Fisher). Bolt LDS sample buffer and Bolt reducing
reagent (both from Thermo Fisher) were added to each lysate and
incubated at 70°C for 10 min (n ⫽ 4 – 8 per group). Approximately 20
mg of flash-frozen rat gastrocnemius muscle was enriched for mitochondria using the cytochrome-c releasing apoptosis assay according
to manufacturer instructions (Abcam, cat. no. ab65311). Tissue was
processed on ice using kit-provided mitochondrial lysis buffers and a
Tissue-Tearor 985370 (BioSpec Products, n ⫽ 3 per group). Lysates
were separated on 10 or 12% Bolt Bis-Tris Plus Gels (Thermo Fisher)
and transferred to nitrocellulose membranes using iBlot 2 Gel Transfer Device (Thermo Fisher). Membranes were probed with primary
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antibodies rabbit monoclonal GLUD1 (1:1,000; cat. no. ab168352),
mouse monoclonal PDH cocktail (6 g/ml, cat, no, ab110416), rabbit
polyclonal pyruvate dehydrogenase kinase 4 (PDK4) (1:50, cat. no.
ab71240), mouse monoclonal Actin (1:1,000; cat. no. ab3280), and
mouse monoclonal ␤-actin (1:2,000; cat. no. ab8226; all antibodies
from Abcam). Blot images were analyzed for band absorbance over
background using GeneTools software (Syngene). Inclusion of a
replicate control sample on multiple blots allowed for normalization
of all samples to control.
RNA analysis. Total RNA was isolated using the RNeasy Mini Kit
(Qiagen), and cDNA was made using the High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher), according to manufacturer instructions (n ⫽ 4 per group). Taqman probes for SIRT4
(Hs01015516_g1) and peptidylprolyl isomerase A (Hs04194521_s1)
were assessed using a QuantStudio 6 Flex Real-Time PCR System (all
from Thermo Fisher).
PASMC oxygen consumption rate in vitro. A Seahorse XFp Analyzer (Agilent) was used to measure oxygen consumption rate (OCR).
PASMCs were seeded in XFp miniplates, treated with 5, 15, or 30%
well volume of PBS or EXSM, and exposed to hypoxia (4% oxygen)
for 24 h (n ⫽ 3 per group). The Cell MitoStress Test Assay was
performed according to manufacturer instructions. In brief, after the
three initial baseline OCR measurements, oligomycin (1 M) was
injected into all samples to inhibit ATP synthase (thereby blocking
state 3 respiration). The remaining OCR is assumed proton leak. To
determine the maximal OCR that cells can sustain, the proton ionophore (uncoupler) carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) (4 M) was injected. Lastly, a mix of rotenone and
antimycin A (0.5 M) was injected to inhibit electron flux through
Complex III. Remaining OCR is due to the formation of mitochondrial reactive oxygen species and nonmitochondrial sources (61).
OCR values were normalized to total protein measurements per well
using a BCA Assay kit (Thermo Fisher). All negative OCR values
were reported as zero in analyzed data.
Mouse model of hypoxia-induced PAH. All in vivo experiments
were approved by the Institutional Animal Care and Use Committee
and were carried out by CorDynamics. On study day 1, randomized
naïve male C57BL/6 mice were administered a single intravenous
dose of EXSM or PBS (lateral tail vein injection, 200 l, ~2 ⫻ 107
particles per treatment) before hypoxic exposure. On study day 2,
normoxic mice (n ⫽ 7) were maintained in ambient conditions,
whereas hypoxic mice (n ⫽ 8) were maintained in 10% oxygen for 21
days. All animals were allowed food and tap water ad libitum. On
terminal day 22, mice were euthanized, and a Millar pressure catheter
was introduced through the right jugular vein to measure right ventricular systolic pressure (RVSP). The heart was removed, and the
right ventricle (RV) and left ventricle with septum (LV⫹S) were
weighed separately. Studies were performed and unbiased data compiled by CorDynamics.
Rat model of semaxanib/hypoxia-induced PAH. All in vivo experiments approved by the Institutional Animal Care and Use Committee
and were carried out by CorDynamics as previously described (59). In
brief, randomized adult (200 –300 g) male Sprague-Dawley rats (65
total; n ⫽ 5 for normoxia control group, n ⫽ 10 for all other groups)
were administered a single subcutaneous dose of semaxanib (20
mg/kg) on day 1 of the study and maintained in chronic hypoxia
(~13% oxygen) or normoxia for 28 days. All hypoxic groups were
removed from hypoxia on day 29 and placed in normoxic conditions
for treatment until day 56. Control and treatment groups were dosed
with a single intravenous EXSM or PBS injection every 3 days from
day 29 to day 53 (200-l exosome treatment, ~2 ⫻ 107 particles).
Sildenafil treatment groups were administered an oral dose of Sildenafil (30 mg/kg) twice daily on days 29 –56. All animals were allowed
food and tap water ad libitum. On terminal day 56, rats were
anesthetized by an intraperitoneal injection of ketamine-xylazine
(80/10 mg/kg), and a fluid-filled pressure catheter was introduced into
the right jugular vein to measure systolic PA pressure (SPAP). After
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rats were euthanized, the heart was removed, infused with saline until
clear, and ventricles were weighed separately (RV, RV/LV⫹S). PAs
and gastrocnemius skeletal muscle were removed and frozen at
⫺80°C for metabolomics and protein analysis, respectively. Studies
were performed and unbiased data were compiled by CorDynamics.
Nanoparticle tracking analysis. Exosome particle analysis was
outsourced to Particle Technology Group LLC nanoparticle tracking
analysis services. Exosome concentration and size were measured
using a Nanosight NS300 (Malvern), according to manufacturer
instructions.
Transmission electron microscopy. Exosome transmission electron
microscopy (TEM) imaging was outsourced to the University of
North Carolina at Chapel Hill Microscopy Services Laboratory in the
Pathology and Laboratory Medicine Department. Exosomes were
prepared by negative staining with 2% sodium phosphotungstate, pH
7.0. Grids were floated on 15-l droplets of exosome suspension and
incubated for 20 min, transferred to a 25-l droplet of 1% glutaraldehyde in 0.15 M sodium phosphate buffer, pH 7.4, and fixed for 5
min. After a brief rinse on 2 sequential droplets of deionized water,
the grids were transferred to a 25-l droplet of 2% sodium phosphotungstate and stained for 1 min. Samples were observed with a JEOL
JEM-1230 transmission electron microscope operating at 80 kV

(JEOL USA, Peabody, MA), and digital images were acquired using
a Gatan Orius SC1000 CCD camera and Gatan Microscopy Suite 3.0
software (Gatan, Inc., Pleasanton, CA).
Statistical Analysis. All values are expressed as means ⫾ SE and
analyzed using an unpaired, two-tailed Student’s t-test. All comparisons between experimental groups were performed using a one-way
ANOVA with Tukey’s multiple comparisons test using GraphPad
PRISM 7.3 statistical software, unless otherwise indicated.
RESULTS

Bone marrow MSC-derived exosomes are enriched in metabolic proteins and genes. To characterize bone marrow MSCderived exosomes, exosome protein, vesicle size, and metabolic protein and gene content were evaluated. Isolated exosomes expressed flotillin-1, intracellular adhesion molecule,
ALIX, CD81, CD63, epithelial cell adhesion molecule, annexin A5, and tumor susceptibility gene 101 (exosome-specific
proteins) and were devoid of Cis-golgi matrix protein 130, a
Golgi apparatus protein (cellular contamination; Fig. 1A). TEM
imaging and nanoparticle tracking analysis demonstrated that

Fig. 2. Exosomes increase global amino acid (AA) metabolism and boost mitochondrial efficiency, oxygen consumption rate, and energetics in pulmonary artery
smooth muscle cells (PASMCs) exposed to chronic hypoxia. PASMCs were cultured in normoxia or chronic hypoxia (4% oxygen for 2 wk), and metabolite
analysis of cell lysates was performed. A: heat map analysis of AA metabolites. Data are represented as mean ⫾ SE of AA in each group. B: heat map of amino
acids present in cell culture supernatant after chronic hypoxia exposure. Amino acids were present in the cell growth media (media) or not (cell). C: heat map
of glucose (Gluc), pyruvate (Pyr), and lactate (Lac) levels in PASMC culture supernatant after chronic hypoxia exposure. “H” denotes the fold change of
hypoxia/normoxia, and “H⫹E” denotes the fold change of hypoxia ⫹ exosome treatment/hypoxia. aP ⬍ 0.05 and bP ⬍ 0.01 represent hypoxia compared with
normoxia treatments, and cP ⬍ 0.05 and dP ⬍ 0.01 represent hypoxia ⫹ exosome treatment compared with hypoxia. D: average of TCA metabolites in PASMC
culture supernatant. E: citrate alone in PASMC culture supernatant. F: oxygen consumption rate (OCR) in PASMCs after acute hypoxia exposure with increasing
exosome treatment. Compounds oligomycin (1 M), carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) (4 M), and a mix of rotenone and
antimycin A (0.5 M) were serially injected into all samples and background wells to measure ATP production, maximal respiration, and nonmitochondrial
respiration, respectively. G: creatine, phosphocreatine (PCr), nicotinamide, nicotinamide ribonucleotide (NMN), and adenosine in PASMC lysates. H: heatmap
of genes associated with mitochondrial damage [heat shock protein 90 (HSP90), TNF, and FASLG] and mitochondrial health/homeostasis (COX4, LMX1B, and
TP53) in PASMC lysates. I: PASMC proliferation after 4 days of normoxia or hypoxia exposure with increasing exosome treatment BrdU (left; light gray bars)
or proliferating cell nuclear antigen (PCNA; right; dark gray bars). $P ⱕ 0.1 compared with normoxia, *P ⱕ 0.05 and **P ⱕ 0.01 represent hypoxia compared
with normoxia treatments, and #P ⱕ 0.05 and ##P ⱕ 0.01 represent hypoxia ⫹ exosome treatment compared with hypoxia. COX4, cytochrome-c oxidase subunit
4; EXSM, exosome; LMX1B, LIM homeobox transcription factor-1␤; TP53, tumor protein P53.
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Fig. 2—Continued.

exosomes range between 50 and 150 nm in size and have an
average concentration of 1 ⫻ 108 particles/ml (Fig. 1, B and
C). Proteomics and RNA sequencing analysis revealed that
exosomes are enriched with metabolic protein and gene content
(Fig. 1D). These findings provided the impetus for the evaluation of exosomes in host cell mitochondrial function.
Exosomes improve amino acid metabolism in hypoxia. Metabolic dysfunction consistent with the Warburg effect contributes to the pathogenesis of PAH (13). PASMCs cultured in
hypoxia are often used as an in vitro tool to study the metabolic
changes associated with PAH (42). Thus, we conducted a
global metabolite analysis of human PASMCs cultured in
chronic hypoxia with exosome treatment to explore the effect
of exosomes on metabolic dysfunction in PAH. These data
revealed a decrease in amino acids (AAs) after hypoxia expo-

sure compared with normoxia control (Fig. 2A, left column),
demonstrating a decline in global AA metabolism. Inversely,
exosome treatment increased AA levels compared with hypoxia alone (Fig. 2A, right column). These data are indicative of
an exosome-mediated boost in AA metabolism during chronic
hypoxia exposure.
We further assessed metabolite uptake and production via
analysis of PASMC culture supernatant. Of the metabolites
present in the supernatant, cysteine, glycine, serine, threonine,
arginine, histidine, and glutamic acid were present in the cell
culture growth media, whereas alanine and proline were not.
Hypoxic supernatant contained less alanine and proline than
normoxic supernatant, reflecting a decrease in production.
Exosome treatment increased these metabolites compared with
hypoxic supernatant alone (Fig. 2B, top heat map). Impor-
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tantly, the opposite was found in metabolite uptake of
PASMCs. AAs contained in the culture media were found in
higher levels in hypoxic supernatant compared with normoxic
supernatant, suggesting a decline in AA uptake or cellular
production, likely because of their diminished metabolism.
Exosome treatment decreased levels of these metabolites, indicative of increased metabolite consumption compared with
hypoxia alone (Fig. 2B, bottom heat map). These data demonstrate that chronic hypoxia suppresses both uptake and production of AAs, whereas exosome pretreatment reinstates AA
metabolism.
Exosomes increase glucose oxidation and prevent a shift to
glycolysis and mitochondrial damage in chronically hypoxic
PASMCs. A dysfunction in AA consumption could suggest a
decrease in oxidative metabolism and thus a metabolic shift
toward glycolysis. In support of this hypothesis, PASMCs are
known to undergo a glycolytic shift after hypoxia exposure and
in animal models of PAH (3, 37). Herein, we show that lactate
levels were dramatically increased in the hypoxic supernatant
compared with normoxia, consistent with increased rates of
glycolysis. Importantly, exosome treatment decreased lactate
and glucose levels in the supernatant compared with hypoxia
alone (Fig. 2C), reflecting increased glucose uptake and decreased lactate production. These data are highly suggestive of
increased flux into oxidative metabolism.
To further understand the exosome effects on glucose oxidation, TCA cycle metabolites in PASMC supernatant were
assessed. Although chronic hypoxia decreased TCA metabolites, exosome pretreatment normalized these levels (Fig. 2D).
The first metabolite within the TCA cycle, citrate, followed the
same trend when measured independently. Citrate levels were
decreased after hypoxic exposure and normalized with exosome treatment (Fig. 2E). These data demonstrate a decrease in

TCA cycle metabolites after hypoxia exposure, an effect that
was mitigated with exosome treatment.
To determine the functional impact of exosome treatment on
oxidative phosphorylation, OCR was measured in PASMCs
after acute (24-h) hypoxia exposure. Exosome pretreatment
dramatically increased OCR of hypoxic PASMCs in a dosedependent manner, increasing OCR up to 15-fold over hypoxia
control with exosome treatment (Fig. 2F). These data directly
demonstrate a beneficial effect of exosomes on mitochondrial
function in hypoxia. Because increased oxygen consumption is
suggestive of increased energy production in the cell, we
assessed various building blocks of energy sources—namely creatine, phosphocreatine, nicotinamide, nicotinamide ribonucleotide, and adenosine. Acute hypoxia exposure decreased creatine,
phosphocreatine, and nicotinamide ribonucleotide compared with
normoxia, whereas exosome treatment increased these metabolites compared with hypoxia alone (Fig. 2G). The hypoxia-induced decrease in these energy precursors suggests a decrease in
energy production through the creatine, NAD, and ATP pathways,
which was curbed with exosome treatment. These data demonstrate that hypoxia exposure decreased oxygen consumption (data
not shown) and energy production in PASMCs, both of which
were prevented by exosome treatment.
Because decreased TCA cycle metabolism and oxygen consumption are indicative of mitochondrial dysfunction, PASMCs
were evaluated for genes associated with mitochondrial damage. Hypoxia exposure increased levels of heat shock protein
90, tumor necrosis factor-␣, and fas ligand tumor necrosis
factor superfamily member 6, reflective of the mitochondrial
damage seen in PAH (10, 18, 36, 63). Inversely, cytochrome-c
oxidase subunit 4, LIM homeobox transcription factor-1␤, and
tumor protein P53, indicators of healthy mitochondrial function, were decreased after hypoxia exposure, similar to PAH

Fig. 3. Exosome therapy improves pulmonary
arterial hypertension (PAH) pathogenesis in
mouse and rat models of disease. Right ventricular systolic pressure (RVSP) (A) and right ventricle/left ventricle and septum (RV/LV⫹S; Fulton index) (B) were measured in a hypoxiainduced mouse model of PAH. Systolic
pulmonary artery pressure (SPAP) (C) and RV/
LV⫹S (D) were measured in a semaxanib/hypoxia rat model of PAH with Sildenafil background therapy. **P ⱕ 0.01 compared with normoxia and N⫹DMSO; ⫹P ⱕ 0.1, #P ⱕ 0.05,
and ##P ⱕ 0.01 compared with hypoxia and
SU/H⫹PBS; and ^P ⱕ 0.05 and ^^P ⱕ 0.01
compared with SU/H ⫹ Sildenafil. N ⫹
DMSO, normoxia ⫹ dimethyl sulfoxide;
SU/H ⫹ EXSM, semaxanib/hypoxia ⫹ exosome treatment; SU/H ⫹ EXSM ⫹ Sildenafil, semaxanib/hypoxia ⫹ exosome treatment ⫹ Sildenafil; SU/H ⫹ PBS, semaxanib/
hypoxia ⫹ PBS; SU/H ⫹ Sildenafil, semaxanib/hypoxia ⫹ Sildenafil.
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pathogenesis (15, 26, 34). Importantly, this gene expression
profile was reversed by exosome treatment, suggesting that
exosomes prevent the mitochondrial damage associated with
chronic hypoxia (Fig. 2H, right). Lastly, PASMC hyperproliferation is a trademark characteristic of PAH pathogenesis and
decreased mitochondrial function (50, 52). Thus, we assessed
PASMC hyperproliferation in hypoxia after exosome exposure. Although hypoxic exposure increased PCNA and BrdU
measures of PASMC proliferation, exosome treatment decreased proliferation in a dose-responsive manner (Fig. 2I).
Exosome treatment improves PAH pathogenesis in a mouse
and rat model. We next sought to evaluate the translational
relevance of these findings in two rodent models of PAH. The
first model evaluated mice after chronic hypoxia exposure.
Hypoxic stress yielded increased RVSP and RV/LV⫹S weight
ratio (Fulton index), reflective of decreased vascular remodeling in PAH (39, 52). Exosome pretreatment partially reversed
the hypoxia-mediated elevation in RVSP and decreased Fulton
index compared with disease control (P ⬍ 0.1; Fig. 3, A and B).
Similarly, treatment benefits were observed in a second,
more severe rodent model of PAH. Exposure of rats to semaxanib/hypoxia (SU/H) resulted in increased SPAP and Fulton

index compared with control rats. Sildenafil, a commercially
available treatment for PAH, is often used as a clinically
relevant background therapy in models of PAH (6). Thus, to
demonstrate a benefit over standard-of-care therapy (9), exosome treatment was tested alone and in combination with
Sildenafil. Sildenafil and exosomes both decreased SPAP compared with disease control. However, the combination therapy
had an additive effect, reducing SPAP by almost 2-fold (Fig.
3C). In agreement with previous studies, Sildenafil alone did
not affect the Fulton index, likely reflective of the robust nature
of the SU/H PAH model (6). Although exosome treatment
trended to decrease the Fulton index, the combination therapy
significantly reduced RV/LV⫹S compared with disease control (Fig. 3D). Although these data suggest an exosomemediated improvement in vascular remodeling, cardiac output
was not measured, and thus we cannot rule out the possible
contribution of impaired RV function to treatment benefits. In
aggregate, these data support the claim that exosome treatment
can both prevent and reverse PAH pathogenesis (2, 31).
Exosome treatment increases mitochondrial metabolism in a
rat model of PAH. Because derangements in mitochondrial
function are known to exist in PAH, we sought to investi-

Fig. 4. Exosome therapy ameliorates glucose
oxidation, reactive oxygen species, and mitochondrial damage in a semaxanib/hypoxia
rat model of pulmonary arterial hypertension
(PAH). Average of TCA cycle metabolites
(A), fructose and sorbitol (C), and cysteine/
cysteine ratio and glutathione (GSH)/glutathione disulfide (GSSG) ratio (E) in the pulmonary artery (PA) of rats. Systolic pulmonary artery pressure (SPAP) correlated to PA
(B) TCA cycle metabolites and (D) fructose
and sorbitol. SU/H denotes the fold change of
control/PAH and SU/H ⫹ E denotes the fold
change of exosome-treated PAH/PAH. Control (N ⫹ DMSO), PAH (SU/H ⫹ PBS), and
PAH after exosome treatment (SU/H ⫹
EXSM). $P ⱕ 0.1 compared with N ⫹
DMSO, *P ⱕ 0.05 and **P ⱕ 0.01 compared
with N ⫹ DMSO, and #P ⱕ 0.05 compared
with SU/H ⫹ PBS. N ⫹ DMSO, normoxia ⫹
dimethyl sulfoxide; SU/H ⫹ EXSM, semaxanib/hypoxia ⫹ exosome treatment; SU/H ⫹
PBS, semaxanib/hypoxia ⫹ PBS.
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gate the potential impact of exosome therapy on PAHinduced metabolic dysfunction. Metabolomics analysis of
rat PAs revealed decreased levels of TCA cycle metabolites
in disease compared with control, whereas exosome treatment demonstrated an increase in these metabolites (Fig.
4A). Correlation analysis of SPAP and TCA cycle metabolites demonstrated a negative correlation, indicating that rats
with improved SPAP had elevated TCA cycle intermediates
(Fig. 4B). These data mirror PASMC metabolomics data
(Fig. 2), demonstrating that exosome treatment increased
flux through the TCA cycle, both in vitro and in vivo.
Decreased TCA cycle function and subsequent dependence
on glycolysis are known to result in the accumulation of
fructose and sorbitol in PAH (67). Metabolomics data indicated a greater than twofold increase in fructose and sorbitol
levels in the PA of disease rats compared with control, which
was normalized with exosome treatment (Fig. 4C). Furthermore, a positive correlation was seen between SPAP and both
fructose and sorbitol, demonstrating that rats with improved
SPAP had diminished levels of fructose and sorbitol (Fig. 4D).
These findings complement PASMC in vitro data demonstrating that exosome treatment increases glucose flux through
glucose oxidation and away from glycolysis (Fig. 2).Additionally, redox couples such as GSH/reduced glutathione and
cysteine/cystine are widely used as indicators of mitochondrial

and extracellular oxidative stress in various disease models
(68). Herein, GSH/ reduced glutathione and cysteine/cystine
ratios were decreased in PAH compared with control, whereas
exosome treatment increased both ratios after hypoxia exposure (Fig. 4E). These data suggest that exosome treatment
decreased oxidative stress in PAH.
Exosomes upregulate PDH and GLUD1 in hypoxia. To
identify the mechanism by which exosomes improve TCA
cycle metabolism in hypoxia and PAH, PASMC AAs were
mapped to their appropriate entry points into the TCA cycle.
These data revealed a pattern wherein exosome treatment
impacted specific entry points, namely the pyruvate and glutamine pathways. Hypoxic exposure decreased AAs entering
the TCA cycle through all entry points (acetyl-CoA, a-ketoglutarate, succinyl-CoA, fumarate, and oxaloacetate compared
with normoxia) (Fig. 5, left bars). Exosome treatment increased
AAs entering the TCA cycle through acetyl-CoA via PDH and
a-ketoglutarate through GLUD1 only (Fig. 5, right bars),
demonstrating that exosome treatment increased flux into the
TCA cycle through targeting these pathways.
To further explore exosome therapeutic targeting of PDH
and GLUD1, microarray gene expression analysis of PASMCs
in chronic hypoxia was performed. Both PDH and GLUD1
mRNA, known to be inhibited by hypoxia-inducible factor 1-␣
(HIF1-␣) signaling in hypoxia, are reduced in PAH (55, 56). In

Fig. 5. Exosome pretreatment increases amino acid metabolites in pulmonary artery smooth muscle cells (PASMCs) after chronic hypoxia exposure through
pyruvate dehydrogenase and glutamate dehydrogenase 1 entry points of the TCA cycle. PASMCs were cultured in normoxia or chronic hypoxia (4% oxygen
for 2 wk), and metabolite analysis of cell lysates was performed. TCA cycle metabolite levels are shown. H denotes the fold change of hypoxia/normoxia, and
H⫹E denotes the fold change of hypoxia ⫹ exosome treatment/hypoxia. Dark blue: P ⱕ 0.05 downregulation of hypoxia compared with normoxia. Red: P ⱕ
0.05 upregulation of hypoxia ⫹ exosome treatment compared with hypoxia.
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Fig. 6. Exosome pretreatment upregulates pyruvate dehydrogenase (PDH) and glutamate dehydrogenase 1 (GLUD1) gene expression in pulmonary artery smooth
muscle cells (PASMCs) after chronic hypoxia. PASMCs cultured in normoxia or chronic hypoxia (4% oxygen for 2 wk) were analyzed via microarray analysis.
GLUD1 (A) and PDH (B) pathway gene expression was assessed. The left represents the hypoxia/normoxia fold change, whereas the right represents the
hypoxia ⫹ exosome treatment/hypoxia fold change. Red denotes upregulation, and green denotes downregulation of gene expression. a-CoA, acetyl-coenzyme
A; AKG, 2-oxoglutaric acid, GLN, glutamine; GLS, glutaminase; GLU, L-glutamic acid; GLUL, glutamine synthetase; PA, pyruvic acid; PDHA1, pyruvate
dehydrogenase subunit-␣1; PDHB, pyruvate dehydrogenase subunit-␤; PDK4, pyruvate dehydrogenase kinase 4.

support of these previous reports, microarray analysis indicated
that PDH and GLUD1 were downregulated in hypoxia compared with normoxia (Fig. 6, A and B, left), a phenotype which
was prevented with exosome treatment (Fig. 6, A and B, right).
Furthermore, PDK4, an inhibitor of PDH which is upregulated
in patients with PAH, was elevated in hypoxia (65). This
increase in gene expression was prevented by exosome treatment (Fig. 6B). Consistent with the metabolite data, these gene
expression trends imply decreased flux into the TCA cycle
after hypoxic exposure. Exosomes prevented this through upregulation of the PDH and GLUD1 pathways.
Since exosome treatment upregulates both PDH and
GLUD1 gene expression in hypoxia, we next sought to
determine if protein levels were likewise regulated. To this
end, PDH, GLUD1, and PDK4 protein expression was
assessed in hypoxic PASMCs. Hypoxic exposure decreased
PDH and GLUD1 but increased PDK4 protein expression
compared with normoxia, whereas exosome treatment prevented these changes, maintaining high levels of PDH and
GLUD1 and low levels of PDK4 protein (Fig. 7, A–C).
Furthermore, increasing doses of exosome treatment resulted in a dose-responsive increase in PDH and GLUD1
and a decrease in PDK4 protein expression (Fig. 7, D–F). In
complex, these data demonstrate exosome upregulation of
PDH and GLUD1 pathways at both the gene and protein
levels in prolonged hypoxia.

The SIRT4 hypothesis: exosome treatment targets upstream
regulator of PDH and GLUD1. SIRT4 has been shown to
inhibit both PDH and GLUD1 activity and metabolism through
separate processes, though little is known about its activity in
hypoxia (21, 38). We hypothesized that (1) hypoxic exposure
activates SIRT4 to serve as an energy-sparing safeguard in
response to hypoxic stress, and (2) exosome treatment inhibits
SIRT4, removing the blockage and upregulating both PDH and
GLUD1 pathways. In support of this hypothesis, microarray
gene expression revealed SIRT4 to be upregulated after
chronic hypoxia and downregulated with exosome treatment
compared with hypoxia control (Fig. 8A). These data suggest a
hypoxia-induced upregulation of SIRT4, which could inhibit
GLUD1 and PDH. Exosome treatment removes this SIRT4
blockage, restoring GLUD1 and PDH pathways.
Moreover, SIRT4 gene expression in PASMCs with increasing time in hypoxia was assessed. Quantitative RTPCR showed that SIRT4 gene expression increased over
time in hypoxia-exposed PASMCs compared with normoxic
control. Exosome pretreatment downregulated SIRT4 gene
expression after 7 and 14 days in hypoxia compared with
hypoxic control alone (Fig. 8B). These data indicate that
SIRT4 upregulation is driven by sustained hypoxic exposure, whereas exosome treatment prevents this change. Additionally, increasing doses of exosomes decreased SIRT4
gene expression (Fig. 8C), supporting the notion that exo-
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Fig. 7. Exosome pretreatment increases glutamate dehydrogenase 1 (GLUD1) and pyruvate dehydrogenase (PDH) but decreases pyruvate dehydrogenase kinase
4 (PDK4) protein expression in chronic hypoxia. Pulmonary artery smooth muscle cells (PASMCs) were cultured in normoxia or chronic hypoxia (4% oxygen
for 2 wk) with and without exosome treatment (10% volume). GLUD1 (A), PDH (B), and PDK4 (C) protein expression. Three blots were included in analysis
of GLUD1 and PDK4, and 2 blots were included in PDH analysis. PASMCs cultured in normoxia or chronic hypoxia with increasing exosome doses of 1.25,
5, and 10% volume are shown. GLUD1 (D), PDH (E), and PDK4 (F) protein expression, inclusive of data from A–C. **P ⱕ 0.01 represent hypoxia compared
with normoxia treatments, and #P ⱕ 0.05 and ##P ⱕ 0.01 represent hypoxia ⫹ exosome treatment compared with hypoxia. H, hypoxia; H⫹E, hypoxia with
exosome treatment; N, normoxia.

somes downregulate SIRT4 gene expression in hypoxia,
even at low doses. These data support the hypothesis that
SIRT4, upstream of PDH and GLUD1, may function to
reduce nutrient flux into the mitochondria under conditions
of hypoxic stress. Exosomes may function to release this
block by inhibiting SIRT4 and reestablishing flux through
the TCA cycle and mitochondrial metabolism.
Proposed role of exosomes in mitochondrial metabolism in
PAH. The data herein support the idea that in hypoxic
PASMCs, SIRT4 is activated as an energy-sparing safeguard to allow cells to survive under hypoxic stress. SIRT4,
an upstream regulator of mitochondrial PDH and GLUD1,
decreases pyruvate and glutamine entry into the TCA cycle

by inhibiting these enzymatic entry points. Decreased PDH
activity is further exacerbated by the activation of known
inhibitor PDK4. This blockage results in an overall reduction of mitochondrial function (Fig. 9, left). Exosome treatment inhibits SIRT4 and PDK4, potentially removing the
blockage on PDH and GLUD1 and restoring glutamine and
pyruvate flux into the TCA cycle, thereby reestablishing
mitochondrial function (Fig. 9, right).
DISCUSSION

The current study sought to examine the potential role of
exosome therapy in PAH-associated mitochondrial dysfunc-
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Fig. 8. Exosome treatment downregulates sirtuin 4 (SIRT4) gene expression of pulmonary artery smooth muscle cells (PASMCs) in chronic hypoxia. PASMCs
were cultured in normoxia or chronic hypoxia (4% oxygen for 2 wk). A: global microarray analysis on the SIRT4 pathway was performed (n ⫽ 4 per group).
The left represents the hypoxia/normoxia fold change, whereas the right represents the hypoxia ⫹ exosome treatment/hypoxia fold change. Red denotes
upregulation, and green denotes downregulation. B: SIRT4 gene expression in PASMCs over time in hypoxia after exosome treatment (10% volume). “D”
denotes days in hypoxia. C: SIRT4 gene expression after increasing doses of exosome treatments. *P ⱕ 0.05 and **P ⱕ 0.01 represent hypoxia compared with
normoxia treatments, and #P ⱕ 0.05 and ##P ⱕ 0.01 represent hypoxia ⫹ exosome treatment compared with hypoxia. a-CoA, acetyl-coenzyme A; DLAT,
dihydrolipoamide acetyltransferase component of pyruvate dehydrogenase; EXSM, exosome; GLUD1, glutamate dehydrogenase; H, hypoxia; N, normoxia; PA,
pyruvic acid; PDH, pyruvate dehydrogenase complex; PDHA1, pyruvate dehydrogenase subunit-␣1; PDHB, pyruvate dehydrogenase subunit-␤; PDK4, pyruvate
dehydrogenase kinase 4.

tion. Although a glycolytic shift occurs in PAH, data herein
demonstrate that exosomes promote flux into the TCA cycle,
resulting in elevated oxidative phosphorylation. We provide
evidence that exosomes promote anaplerosis through the
expression of PDH and GLUD1. Furthermore, we demonstrate that exosomes inhibit SIRT4 expression and suggest
that curbing SIRT4, upstream of PDH and GLUD1, contributes to the exosome-mediated improvement in mitochondrial function. Taken together, our results suggest that
exosome treatment improves mitochondrial function by
jumpstarting the TCA cycle through provision of nutrients.
PAH is associated with decreased mitochondrial function, an
underlying perturbation contributing to disease (1, 5, 66).
Commonly, animal models use prolonged hypoxia to induce
remodeling of the vascular smooth muscle, leading to chronic
vasoconstriction and hyperplasia of vascular smooth muscle
cells, as seen in PAH (58). Importantly, this hypoxia exposure

results in mitochondrial perturbations consistent with those
seen in patients with PAH (8). In an effort to capture this
phenotype in vitro, we exposed human PASMCs to low oxygen for 2 wk. Consistent with patients with PAH, the prolonged
hypoxia regimen resulted in hyperproliferation of PASMCs
(data not shown), elevated lactate production, and decreased
metabolite entry into the TCA cycle (Fig. 2). These data
support the use of chronic hypoxia as a model of PAHassociated mitochondrial dysfunction. Importantly, exosome
treatment rescued the effects of hypoxia exposure, decreasing
lactate production and increasing TCA cycle metabolites. Furthermore, providing definitive evidence of rescued mitochondrial function, exosome treatment increased oxygen consumption after hypoxia exposure in a dose-dependent manner (Fig.
2F). These data were confirmed using a semaxanib/hypoxia rat
model of PAH. Exosomes increased TCA cycle metabolites
and decreased polyol pathway metabolites in semaxanib/hyp-
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Fig. 9. Proposed exosome mechanism of
action targets sirtuin 4 (SIRT4) in pulmonary arterial hypertension (PAH). We propose that chronic hypoxia in pulmonary artery smooth muscle cells inhibits TCA cycle
function by upregulating SIRT4, which inhibits pyruvate dehydrogenase (PDH) and
glutamate dehydrogenase 1 (GLUD1) and
limits pyruvate and glutamine entry into the
TCA cycle (left). Exosome treatment downregulates SIRT4, thereby increasing glutamine and pyruvate flux into the TCA cycle
(right). EXSM, exosome; PDK4, pyruvate
dehydrogenase kinase 4.

oxia tissue, indicative of an elevation in oxidative phosphorylation (Fig. 4) (11, 27, 48).
The concept of extracellular vesicles containing mitochondrial components, such as mitochondrial proteins and mRNA,
is not new. In fact, intracellular mitochondrial transfer has been
shown by multiple groups (reviewed in Ref. 60). In these
studies, vesicles have been suggested to participate in horizontal transfer of intact mitochondria, leading to improvements in
mitochondrial function (53). However, herein exosomes generated from bone marrow MSCs are not able to consume
oxygen (data not shown), indicating the lack of an intact
electron transport chain. Additionally, the use of size exclusion
chromatography to isolate exosomes herein results in particles
in the 50-nm to 200-nm size range (Fig. 1), whereas intact
mitochondria range from 0.5 to 10 m. Therefore, the potential
transfer of intact mitochondria is unlikely to cause the observed
improvements in mitochondrial dysfunction. We and others
have shown that exosomes contain mitochondrial proteins,
mtDNA, and mitochondrial genes (19, 30, 62). We propose the
transfer of this mitochondrial protein and genetic material
functions to boost mitochondrial function via host cell remodeling. With this in mind, we sought to determine the mechanism by which exosomes improve oxidative phosphorylation.
Mapping of metabolite entry into the TCA cycle resulted in
a clear exosome-mediated induction of two distinct entry
points, glutamate and pyruvate (Fig. 5). These data suggest a
potential regulation of key enzymes within these pathways.
GLUD1 converts glutamate to the TCA cycle metabolite,
␣-ketoglutarate. Shown to be inhibited in severe hypoxia and
an in vitro model of PAH, a decrease in GLUD1 activity is
consistent with the decline in TCA cycle function in PAH (7,
14, 16, 24). Herein we show that chronic hypoxia results in a
deficit in GLUD1, both at the gene and protein levels (Figs. 6
and 7). Exosome exposure rescued mRNA and protein expression of GLUD1 in parallel with heightened TCA cycle metabolites, indicative of increased nutrient flow into the TCA cycle.
PDH converts pyruvate into acetyl-CoA, linking glycolysis
to the TCA cycle. PDH consists of four enzymatic components

that are highly regulated: pyruvate dehydrogenase (E1), dihydrolipoamide acetyltransferase (E2), lipoamide dehydrogenase
(E3), and E3-binding protein (17, 43). Composed of a heterotetramer of two ␣- and two ␤-subunits, the E1␣ site is specifically inhibited through phosphorylation by PDK4 (29). Importantly, elevations in PDK4 protein and diminished PDH
activity are common in patients with PAH (47). In agreement
with previous studies, we show a hypoxia-mediated increase in
PDK4 gene and protein levels and a subsequent decline in
PDH, consistent with PAH (31). Interestingly, exosomes induce PDH gene expression through E1 subunit ␤ and via
inhibition of PDK (Fig. 6). These data suggest the potential of
exosomes to modulate both subunits in the E1 enzyme (E1␣
through inhibition of PDK4 and E1␤ through direct induction
of gene expression). Redundant activation in this way may be
required to fully improve flux through the PDH complex,
though further work is required to explore this possibility.
Beyond increases in PDH gene regulation, Fig. 7 demonstrates
a dose-responsive regulation of PDH and PDK4 proteins,
highly suggestive of an exosome-mediated restoration of PDH
in the context of mitochondrial dysfunction.
We hypothesize that increased flux through GLUD1 and
PDH might be sufficient to increase mitochondrial function.
This hypothesis is supported by experiments examining dichloroacetate, a PDK inhibitor, as a potential therapeutic for metabolic dysfunction in PAH (20, 32). Dichloroacetate studies
propose that increased PDH activity alone could benefit patients with PAH. Herein, we suggest that the increase in flux
through both PDH and GLUD1 make exosomes an exciting
therapeutic strategy for combating the metabolic dysfunction
associated with PAH. Exosomes have proven effective in
treating other aspects of the disease, including peripheral
pulmonary arteriolar remodeling and lung inflammation (22,
31). Therefore, exosomes could provide a multifaceted treatment for PAH, improving vascular remodeling and the underlying metabolic disorder in disease.
Lastly, results herein describe the possible involvement of
SIRT4 in the pathogenesis of PAH. Known to function as an
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ADP-ribosyltransferase, much work is still needed to fully
understand the role of SIRT4 in the mitochondria. Previous
studies have shown that genetic inhibition of SIRT4 increased
oxygen consumption (25, 40). Furthermore, SIRT4 prevented
hypoxia-induced apoptosis after acute hypoxia exposure (35).
Given that SIRT4 has been shown to inhibit GLUD1 and PDH,
perhaps SIRT4 protects against hypoxia-induced cell death by
reducing metabolite entry into the TCA cycle via these two
nutrient entry points (21, 38). However, SIRT4 may become
chronically activated after prolonged hypoxia, contributing to
mitochondrial dysfunction. In support of this hypothesis, we
demonstrate an increase in SIRT4 gene expression with increased hypoxia exposure (Fig. 8A). Exosome treatment reduced SIRT4 gene expression, even at low treatment volume
(Fig. 8B), tempting speculation that exosomes could play a role
in SIRT4 regulation. Further work is needed to fully tease apart
the role of SIRT4 in PAH and potential exosome-mediated
inhibition of this enzyme.
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