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BACKGROUND: Isolated loss-of-function single nucleotide polymorphisms (SNPs) for SIRT3 (a mitochondrial deacetylase) and
UCP2 (an atypical uncoupling protein enabling mitochondrial calcium entry) have been associated with both pulmonary arte-
rial hypertension (PAH) and insulin resistance, but their collective role in animal models and patients is unknown.

METHODS AND RESULTS: In a prospective cohort of patients with PAH (n=60), we measured SNPs for both SIRT3 and UCP2,
along with several clinical features (including invasive hemodynamic data) and outcomes. We found SIRT3 and UCP2 SNPs
often both in the same patient in a homozygous or heterozygous manner, correlating positively with PAH severity and associ-
ated with the presence of type 2 diabetes and 10-year outcomes (death and transplantation). To explore this mechanistically,
we generated double knockout mice for Sirt3 and Ucp2 and found increasing severity of PAH (mean pulmonary artery pres-
sure, right ventricular hypertrophy/dilatation and extensive vascular remodeling, including inflammatory plexogenic lesions, in
a gene dose-dependent manner), along with insulin resistance, compared with wild-type mice. The suppressed mitochon-
drial function (decreased respiration, increased mitochondrial membrane potential) in the double knockout pulmonary artery
smooth muscle cells was associated with apoptosis resistance and increased proliferation, compared with wild-type mice.

CONCLUSIONS: Our work supports the metabolic theory of PAH and shows that these mice exhibit spontaneous severe PAH
(without environmental or chemical triggers) that mimics human PAH and may explain the findings in our patient cohort. Our study
offers a new mouse model of PAH, with several features of human disease that are typically absent in other PAH mouse models.
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CLINICAL PERSPECTIVE

What Is New?

We found a provocative correlation between
the loss-of-function SNPs of sirtuin3 and un-
coupling protein 2 (both encode mitochon-
drial proteins) with the severity of disease in
patients with pulmonary arterial hyperten-
sion (PAH), as well as an association with the
presence of type 2 diabetes (a previously de-
scribed feature of patients with PAH that re-
mains unexplained) and outcomes (death or
transplantation).

We also created a novel mouse model (sirtuin3
and uncoupling protein 2 double-knockout) of
PAH in which to explore our clinical data, and
we found that it has more features of human
PAH than any previously described rodent
model of PAH.

This is the first mouse model of PAH with
spontaneous and extensive plexogenic le-
sions (the sine qua non of human PAH).

What Are the Clinical Implications?

Our mouse model supports our provocative
clinical data in our cohort and is directly rel-
evant to a subgroup of patients with PAH car-
rying more than 1 loss-of-function SNPs in
genes encoding mitochondrial proteins, par-
ticularly for those patients who carry them in
both alleles.

These are relatively common SNPs in the gen-
eral population and thus they could be further
explored as potential biomarkers in Precision
Medicine studies.

Also, since mouse models of PAH have been
criticized for the lack of important clinical fea-
tures of human PAH (including the mild in-
crease in pulmonary artery pressures and the
lack of plexogenic lesions), our new mouse
PAH model is important for the translational
research field of PAH, strengthening the role of
genetic mouse models for mechanistic studies.

Nonstandard Abbreviations and Acronyms

Ucp2

Cco cardiac output

PAH pulmonary arterial hypertension
PASMCs pulmonary artery smooth muscle cells
PHT pulmonary hypertension

PVR pulmonary vascular resistance

TAPSE  tricuspid annular plane systolic

excursion
uncoupling protein 2

J Am Heart Assoc. 2021;10:e020451. DOI: 10.1161/JAHA.120.020451

SNPs of Sirt3 and Ucp2 Are Associated With PAH

ized by pulmonary arterial remodeling that results

in lumen obliteration, raising the pulmonary vas-
cular resistance (PVR). While initially this leads to right
ventricular (RV) hypertrophy, it then advances to RV dil-
atation and death from RV failure."? The vascular wall
cells in the remodeled pulmonary arteries are charac-
terized by activation of many transcription factors (eg,
nuclear factor of activated T-cells ¢2, hypoxia inducible
factor 1q, etc) that promote proliferation; and by a mul-
tifactorial suppression of mitochondrial function that
promotes apoptosis resistance in a cancer-like man-
ner.! Our proposed metabolic theory of PAH suggests
that such a mitochondrial suppression is a critical and
early event that has the potential to also activate many
of the transcription factors implicated in PAH.3-% It
could also promote the inflammation that has recently
been shown to play a central role in the disease (eg,
the remodeled pulmonary arteries are surrounded by
many activated inflammatory cells).>48 Inhibition of
mitochondrial oxidative phosphorylation (glucose ox-
idation) is an early and necessary event in T cell acti-
vation.” There is also evidence that patients with PAH
have features of the metabolic syndrome and insulin
resistance (without necessarily being obese).? In fact,
in skeletal muscle biopsies in patients with PAH, there
is evidence of mitochondrial dysfunction (downregu-
lation of mitochondrial enzymes and upregulation of
glycolytic enzymes).? In animals with PAH, decreased
respiration in skeletal muscle was shown to be present
early in the development of PAH.'® This suggests that a
systemic metabolic disturbance may affect the whole
body in a patient with PAH, although the vascular pa-
thology is specific to the pulmonary arteries (compared
with systemic vessels). This is why knocking out mito-
chondrial proteins in the whole animal (as opposed to
cell or tissue-specific KO) is clinically relevant.

Indeed, KO mice lacking either Sirt3 (sirtuin3)"" (a
major mitochondrial deacetylase) or Ucp2 (uncou-
pling protein 2)'13 (an atypical uncoupling protein that
mostly facilitates calcium entry into the mitochondria)
developed spontaneous pulmonary hypertension
(PHT) and vascular remodeling. However, as is com-
monly the case with mice PHT models, the increase
in PA pressure was mild and the mice did not develop
plexogenic lesions, perhaps the most typical pathol-
ogy finding in human PAH (anarchic proliferation of
diverse vascular and inflammatory cells causing near-
complete obliteration of the vascular lumen)."* In fact,
the only model that reliably exhibits plexiform lesions
and severe PAH with high mortality is the rat in re-
sponse to Sugen (a vascular endothelial growth factor
inhibitor) plus hypoxia, although the plexiform lesions
appear only at the late stages of the disease.”® A po-
tential limitation of that model is that a nonphysiologic
drug has to be used, confounding the interpretation of

Pulmonary arterial hypertension (PAH) is character-
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the data, particularly on the role of endothelial cells.
Currently, there is no mouse model that develops pre-
dictably and commonly plexogenic lesions.

Loss of Sirt3 or Ucp2 expression or function leads
to hyperacetylation of mitochondrial proteins and en-
zymes (inhibiting their function''®) and decreased
intramitochondrial calcium'  (inhibiting the function
of Ca**-dependent enzymes such as pyruvate dehy-
drogenase, the gatekeeping enzyme in glucose ox-
idation'™), respectively. This results in mitochondrial
hyperpolarization and decreased production of diffus-
ible mitochondrial reactive oxygen species (such as
H,O,) causing apoptosis resistance.®=> Along with the
decreased production of diffusible metabolites (such
as a-ketoglutarate) in pulmonary vascular cells, these
redox changes promote activation and nuclear trans-
location of pro-proliferative transcription factors, such
as hypoxia inducible factor 1a (even in the absence of
hypoxia) or nuclear factor of activated T-cells ¢2, which
have been implicated in the pathogenesis of PAH.3®

We recently conducted a small clinical trial to test
the response of patients with PAH to a metabolic
modulator, showing potential beneficial effects.'”® To
study the subgroup of patients who did not respond
to dichloroacetate, a drug that has been shown to re-
activate mitochondrial suppression by inhibiting pyru-
vate dehydrogenase kinase (a mitochondrial enzyme
that inhibits pyruvate dehydrogenase), we performed
genotyping. We found that several patients had loss
of function SNPs in SIRT3 (rs11246020) and UCP2
(uncoupling protein 2) (rs659366) in 1 or both alleles,
and in fact some patients carried both single nucleo-
tide polymorphisms (SNPs) in either 1 or both alleles.®
Clinically, the presence of these relatively common
SNPs has been associated with the metabolic syn-
drome and type 2 diabetes in humans'®'®2 (ie, con-
ditions in which a generalized metabolic abnormality is
present throughout the body). The SIRT3 SNP affects
the catalytic domain of the sirtuin3 protein, inhibiting its
activity by up to 34%, whereas the UCP2 SNP affects
the promoter of the gene, resulting in decreased UCP2
mMRNA levels.'®?? Either way, the patients who carry
these SNPs, which are not in linkage disequilibrium,
would have abnormal mitochondrial function and may
be predisposed to more severe PAH, particularly when
both SNPs are present.

First, we hypothesized that these 2 SIRT3 and UCP2
SNPs may be prevalent in patients with PAH and may
be correlated with the severity of disease, the pres-
ence of type 2 diabetes, and perhaps the outcomes
of the disease. Second, to mechanistically explore this
hypothesis, we generated mice that lack both Sirt3 and
Ucp2 and hypothesized that they may develop severe
PHT and perhaps recapitulate more features of human
PAH than other commonly used rodent PHT models.
We specifically aimed to determine whether they would
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develop spontaneous and severe PHT at a young age
(without the use of external triggers such as hypoxia
or Sugen), as well as inflammatory plexogenic lesions.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Our work with human clinical data and human
blood as well as our work with mice were performed
with permission from the University of Alberta Human
Research Ethics Board (HREB) and Animal Care and
Use Committee (ACUC), respectively.

SNP Genotyping Assay

Genomic DNA was extracted from buffy coat using
FlexiGene DNA Kit (QIAGEN) following the manufac-
turer’s instruction. DNA samples were quantified with a
Nanodrop Spectrophotometer (ND-8000) and normal-
ized to a concentration of 6.5 ng/pL. Samples (50 ng
per each) were genotyped by TagMan SNP Genotyping
Assays for rs11246020 (SIRT3) and rs659366 (UCP2),
and processed and read on the Droplet Digital PCR
QX200 (Bio-Rad) according to the manufacturer’s pro-
tocol. Each sample was partitioned into 20 000 dis-
crete droplets and after amplification, each droplet was
analyzed individually using a 2-color detection system
(FAM and VIC). Amplifications were carried out as fol-
lows: at 94 °C for 10 minutes, followed by 40 cycles at
94 °C (80 s), 60 °C (1 minute, ramp rate: 2-3 °C per s);
followed by holding at 98 °C (10 minutes), and holding
at 4 °C.

Sirt3 and Ucp2 Mutant Genotyping

Mice were genotyped by polymerase chain reaction
(PCR) using genomic DNA isolated from ear notch-
ing biopsies as described by Jackson Laboratories.
Sirt3 mutant mice have deletion of exons 2 to 3,
which abolishes gene function. A combination of 2
forward primers (1 for mutant, sequence: TAC TGA
ATA TCA GTG GGA ACG and 1 for wild type, se-
quence: CTT CTG CGG CTC TAT ACA CAG) along
with 1 common reverse primer (sequence: TGC
AAC AAG GCT TTA TCT TCC) was used to detect
the wild-type allele (562 bp) and the mutant allele
(200 bp, deletion of exons 2-3 result in a smaller
fragment). The Sirt3 heterozygous mice are posi-
tive for both alleles (wild type 562 bp and mutant
200 bp). The targeted Ucp2 mutant mice have an
insertion of a PGK-NEO cassette replacing exons
3 to 7 to create the larger mutant allele. Two sets
of primers are used in combination to identify wild
type (forward primer sequence: GCG TTC TGG GTA
CCA TCC TA, reverse primer sequence: GCT CTG
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AGC CCT TGG TGT AG) and mutant mice (forward
primer sequence: CTT GGG TGG AGA GGC TAT TC,
reverse primer sequence: AGG TGA GAT GAC AGG
AGA TC). The mutant allele (that expresses the larger
PGK-NEO cassette) is expressed at 280 bp, while the
wild-type allele (which does not express the PGK-
NEO cassette) is expressed at a lower 156 bp. The
Ucp2 heterozygous mice are positive for both alleles
(mutant 280 bp and wild type 156 bp). PCRs were
carried out on a MasterCycler PCR Thermal Cycler
(Eppendorf Cat # 5345) by direct amplification of
the DNA from ear notching biopsies with the use of
Phire Tissue Direct PCR Master Mix (ThermoFisher
Scientific Cat # F170) following the manufacturer’s
protocol. Amplifications were carried out as follows:
at 94 °C for 5 minutes, followed by 10 cycles at 94
°C (20 s), 65 °C (15 s, —0.5 °C per cycle decrease),
68 °C (10 g); followed by 32 cycles at 98 °C (15 s), 60
°C (15 g), 72 °C (10 s); finishing at 72 °C (2 minutes)
and holding at 4 °C.

RNA Isolation and Quantitative Reverse
Transcription PCR

mRNA was isolated using Qiazol (Qiagen). mRNA iso-
lated from muscle and lung was added to a microw-
ell plate with TagMan probes and reagents. Primers
were purchased from Thermo Fisher Scientific (Sirt3
MmO01275637_g1, Ucp2 Mm00627599_mT).

Cell Culture

Pulmonary artery smooth muscle cells (PASMCs)
isolation was performed as previously described.!"2
Briefly, PASMCs from wild-type (WT), Sirt3~--Ucp2*-,
Sirt3*~-Ucp2~-, and Sirt3~--Ucp2~- mice were freshly
isolated from intrapulmonary arteries (>fourth division),
with an enzymatic cocktail containing papain (1 mg/
mL) (Sigma Aldrich), dithiothreitol (0.5 mg/mL) (Sigma
Aldrich), collagenase | (0.8 mg/mL) (Worthington), and
bovine serum albumin (0.8 mg/mL) (Sigma-Aldrich).
PASMCs were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM, Gibco) with 10% fetal bovine serum
(Sigma-Aldrich) and 1% penicillin/streptomycin (Gibco)
at 9% CO,. Passages 2 to 4 PASMCs were used for all
experiments.

Mitochondrial Respiration Measurements
PASMCs were seeded to Seahorse V7 tissue culture
plates overnight for analysis of oxygen consumption
and extracellular acidification using the Seahorse XFe
24 Analyzer (Agilent Technologies). Measurements
were taken at baseline. Oxygen consumption rate and
extracellular acidification rate were measured and nor-
malized to total protein amounts isolated from each
well.
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Immunoblots

Tissues were collected and immunoblotting was per-
formed as previously described."""? Antibodies and
dilutions: sirtuin3 (Cell Signaling Technology, 5490)
1:1000, Ucp2 (Santa Cruz, sc-6525) 1:300, p-AKT
(Serd73) (Cell Signaling Technology, 4060T) 1:1000,
AKT (Cell Signaling Technology, 4691) 1:3000, and (-
Actin (Santa Cruz sc81178) 1:2000.

Confocal Imaging

Immunofluorescence staining was performed as pre-
viously described! 121823 gnd imaging was performed
using a Zeiss LSM-710 model, equipped with an
Airyscan module (Carl Zeiss). Antibodies used were
alpha smooth muscle actin (Abcam, ab5694), von
Willebrand factor (Abcam, ab11713), CD4 (Invitrogen,
LS14004182), Ki67 (Abcam, ab16667), nuclear factor
of activated T-cells c2 (Abcam, ab2722), hypoxia in-
ducible factor 1a (Abcam, 51608), and Y7%°p-STAT3
(Cell Signaling Technology, 9131). All antibodies used
for immunofluorescence were diluted in 1:100 and
all secondary antibodies in 1:1000. Apoptosis was
measured using the Apoptag Apoptosis Detection Kit
for TUNEL (Invitrogen) and the Dead Cell Apoptosis
Kit with Annexin V FITC and Propidium iodide
(Invitrogen). The mitochondrial membrane poten-
tial was measured by staining live PASMCs with
20 nmol/L tetramethyl-rhodamine methyl-ester per-
chlorate (Invitrogen) and 500 nmol/L Hoechst 33342
(Invitrogen) for 30 minutes at 37 °C. The mitochondrial
reactive oxygen species were measured by staining
live PASMCs with 5 pmol/L MitoSOX (Invitrogen) and
500 nmol/L Hoechst 33342 in nonserum media for
15 minutes at 37 °C, and then cells were washed and
replaced with regular media.

Echocardiography

Echocardiography was performed as previously
described."22425 Mice were anesthetized with
isoflurane and maintained a heart rate of 350
to 450 beats per minute and the Vevo 3100 High
Resolution Imaging System (VisualSonics, Toronto,
Canada) was used. RV thickness, RV end-diastolic
diameter, and tricuspid annular plane systolic excur-
sion (TAPSE) were recorded in the M-Mode. TAPSE
was calculated by measuring the vertical move-
ment of the tricuspid annulus between end-diastole
and end-systole in the 4-chamber view, reflect-
ing the longitudinal contraction of the RV. Cardiac
output (CO) was calculated after determining the
pulmonary artery diameter, pulmonary artery veloc-
ity time integral, and heart rate using the formula:
CO=7.85xPAD?xpulmonary artery velocity time
integralxheart rate/10 000. Images with heart rate
<350 were excluded from the analysis.
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Hemodynamic Measurements

Mice were initially anesthetized with 3% to 4% iso-
flurane and maintained with 2% during procedures.
Mice underwent hemodynamic studies as previ-
ously described'22425 and were euthanized subse-
quently. A modified Millar catheter (microtip, 1.4F, Millar
Instruments) was advanced through the jugular vein in
closed-chest animals into right atrium (RA), RV, and
PA; and RA pressure, RV pressure, and mean PA pres-
sure were recorded. Left ventricular end-diastolic pres-
sure was recorded by retrograde advancement of the
catheter from the carotid artery into the left ventricle
(Power Lab, with Chart software 5.4, ADInstruments).

Pulmonary Vascular Medial Wall
Thickness and Pulmonary Arteriole
Muscularization

Frozen lung samples were prepared after injecting
OCT through the trachea to expand the lung. Lung
sections (5 um) were stained using hematoxylin and
eosin stain for histology, and smooth muscle actin and
von Willebrand factor (endothelial cell marker) for im-
munofluorescence. For measuring medial wall thick-
ness, vessels >40 and <300 um were identified and
measured at the 2 ends of the shortest external diam-
eter of the pulmonary arteries, and the average was
taken ([2xwall thickness/external diameter] x100). For
measuring muscularization, vessels (<40 um) were
classified as fully (100%), partially, or nonmuscularized
(0%), based on the percentage of von Willebrand fac-
tor surrounded by smooth muscle actin in each vessel.

In Vivo Assessment of Glucose
Homeostasis

Glucose and insulin tolerance tests were performed
in mice fasted overnight or after a 6-hour fast, follow-
ing which IP glucose (2 g/kg) or insulin (0.5 U/kg) was
administered. Blood glucose measurements were as-
sessed via tail whole-blood at the end of the fast, fol-
lowed by samples at various time points postglucose
or insulin administration, using the Contour Next blood
glucose monitoring system (Bayer) as previously de-
scribed.?® Plasma was also collected during the glu-
cose tolerance test from tail whole-blood at the 0- and
30-minute time points for the assessment of circulating
insulin levels, using a commercially available enzyme-
linked immunosorbent assay kit (Alpco Diagnostics) as
previously described.?®

Statistical Analysis

All statistical analyses were performed on STATA
(StataCorp LLC, TX). Values are expressed as
mean+SEM. The use of parametric or nonparamet-
ric tests was decided after assessment of normal
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distribution of the values by the Shapiro—Wilk normality
test. For parametric tests, we used 2-tailed, unpaired
Student t test to assess statistical significance be-
tween 2 groups, and multiple groups were compared
using 1-way ANOVA or 2-way repeated-measures
ANOVA followed by a Bonferroni post hoc analysis.
For nonparametric tests, Mann-Whitney U test was
used for comparisons between 2 groups and Kruskal—
Wallis test was used to compare multiple groups.
Nonparametric correlation analysis of the clinical data
was performed using the Spearman correlation coef-
ficient. Significance for all statistical testing was con-
sidered to be P<0.05.

RESULTS

To study the presence of SIRT3 and UCP2 SNPs, we
used a small (h=60) but well-characterized prospective
cohort of patients with PAH that had agreed to partici-
pate in our clinical database and also offer blood for
our biobank, at the time of their referral, over the past
10 years. These consisted of associated PAH (mainly
patients with autoimmune collagen vascular diseases
such as scleroderma or history of anorectic drugs use)
and idiopathic PAH. All patients underwent right heart
catheterization, echocardiography, pulmonary func-
tion testing, V/Q scan and lung computed tomography
scans, as well as extensive bloodwork, so that all the
potentially secondary causes of PHT were excluded
and the patients could accurately be diagnosed with
PAH. Patients were not included if they had a severe
disease other than PAH, including cancet, evidence of
significant systemic vascular disease, morbid obesity,
or renal failure. The hemodynamics shown in Table
reflect the first catheterization, before the initiation of
PAH therapies. All the patients were followed at least
3 times a year and all received a protocol-driven ini-
tiation of PAH therapies, which included the following:
phosphodiesterase type 5 inhibitors as a first line of
therapy; addition of an endothelin receptor antagonist
if 3 to 4 months later the 6-minute walk test remained
below 350 m; and addition of a prostacyclin analogue
if at any point the 6-minute walk dropped below 200 m
with clinical evidence of RV failure resistant to diuretics.
Table also shows the therapies for each patient, at the
last review of the 10-year database (ie, June 2020). The
common, protocol-driven therapeutic approach and
the exclusion of significant comorbidities at inclusion
allowed us to follow outcomes (death or lung trans-
plantation) in our cohort. All the deaths shown in Table
were considered, to the best of our knowledge, to be
a direct result of PAH worsening and right heart failure.

Digital PCR was utilized with primers for both the
SNP variant and the WT versions of each of the SIRT3
and UCP2 genes. We used an SNP score method that
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Table. Single nucleotide polymorphism (SNP) Scores for UCP2/SIRT3 and Clinical Information Related to the PAH Cohort

mPAP PVR Type SNP
Age,y Sex Type (mm Hg) (dyn-s/cmb®) 2DM Meds Outcomes SIRT3 ucpP2 score
1 63 F aPAH 40 429 Y P E Dead V/Wt V/Wt 2
2 62 F aPAH 52 665 Y P Alive Wi/Wt V/Wt 1
3 77 M iPAH 54 804 N P E, Pr Alive Wit/Wt V/Wit 1
4 78 M iPAH 52 752 N P, E Dead Wt/ Wt V/Wi 1
5 74 M aPAH 47 663 Y P, E Dead V/Wi V/Wi 2
6 48 M iPAH 61 905 N P, E, Pr Alive V/Wi Wt/ Wt 1
7 38 F aPAH 60 634 N P Dead Wit/Wt V/Wt 1
8 66 F aPAH 48 1376 N P E, Pr Dead Wi/Wt VIV 2
9 68 F aPAH 40 695 N P E, Pr Alive V/Wit Wit/Wt 1
10 64 F aPAH 28 597 N P Alive Wt/ Wt V/Wi 1
il 53 F iPAH 64 1429 N P, E Alive V/Wi Wt/ Wt 1
12 67 F aPAH 39 281 N P Alive Wt/Wt Wit/Wt 0
13 52 F aPAH 70 609 N P E, Pr Alive /Wt Wit/Wt 1
14 46 F iPAH 68 838 Y P, Pr Alive Wi/Wt VIV 2
15 45 F aPAH 44 451 N P E Dead V/Wit Wit/Wit 1
16 73 M iPAH 53 640 N P E Dead V/Wit V/Wt 2
17 55 M aPAH 59 812 N P, E, Pr Alive V/Wi V/Wi 2
18 70 M aPAH 60 580 N P, E, Pr Dead Wt/ Wt V/V 2
19 63 F aPAH 54 567 N P, Pr Alive Wit/Wt Wit/Wt 0
20 36 M iPAH 68 1011 N P, Pr Transpl V/Wt V/Wt 2
21 48 F aPAH 51 1502 N P, Pr Dead Wi/Wt V/Wt 1
22 51 F aPAH 42 463 N P E Alive Wit/Wit Wit/Wit 0
23 48 F iPAH 69 709 N P, E Alive Wt/ Wt V/Wi 1
24 24 F iPAH 37 348 N P, E Alive Wt/ Wt Wt/ Wt 0
25 57 M iPAH 55 775 N P, E, Pr Alive Wit/Wt Wit/Wt 0
26 72 M iPAH 60 584 Y P Dead Wi/Wt V/Wt 1
27 74 M iPAH 48 417 N P Dead Wit/Wt V/Wt 1
28 40 F iPAH 48 950 N P E Alive Wit/Wit Wit/Wit 0
29 22 F iPAH 48 1097 N P, E, Pr Alive V/Wi Wt/ Wit 1
30 70 F iPAH 58 987 N P, Pr Alive Wt/ Wt V/V 2
31 58 M iPAH 94 1387 N P, Pr Dead V/V Wt/Wt 2
32 31 M aPAH 29 434 N P Alive V/Wt Wit/Wt 1
33 58 M aPAH 27 316 N P Alive Wit/Wt Wi/Wt 0
34 42 M iPAH 65 592 N P E Dead Wit/Wit V/Wt 1
35 70 F iPAH 62 527 Y P, Pr Dead Wi/Wt Wit/Wit 0
36 53 M iPAH 52 770 N P, E Dead V/Wi V/Wi 2
37 43 F iPAH 34 465 N P Alive Wt/ Wt V/V 2
38 36 F iPAH 52 710 N P, E Dead Wt/Wt Wt/Wt 0
39 71 F aPAH 31 480 N P E Dead Wit/Wt Wi/Wt 0
40 73 F aPAH 40 493 N P E, Pr Dead Wi/Wt V/Wt 1
4 57 M aPAH 37 617 N P B Dead Wit/Wit V/Wt 1
42 49 M aPAH 39 512 N P Alive Wt/ Wt Wt/ Wt 0
43 51 F aPAH 29 336 N P, E Dead Wt/ Wt V/Wi 1
44 56 F iPAH 69 850 N P, E, Pr Dead Wt/Wt Wt/Wt 0
45 31 F iPAH 26 357 N P Alive Wit/Wt Wit/Wt 0
46 74 F aPAH 43 311 Y P E Dead Wi/Wt V/Wt 1
47 31 F iPAH 70 738 N P E Alive Wit/Wt Wit/Wit 0
(Continued)
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Table 1. (Continued)
mPAP PVR Type SNP
Age,y Sex Type (mm Hg) (dyn-s/cm®) 2DM Meds Outcomes SIRT3 ucpP2 score
48 70 F iPAH 51 710 N P E Alive V/Wt Wit/Wt 1
49 60 F iPAH 59 648 Y P E Dead Wi/Wt V/Wt 1
50 48 M aPAH 86 1067 N P E Dead Wi/Wt V/Wt 1
51 44 F aPAH 25 309 N P Dead Wit/Wt V/Wt 1
52 50 F aPAH 60 832 N P, E Alive V/Wi V/V 3
53 71 M iPAH 42 640 N P, E Dead Wt/ Wt Wt/ Wt 0
54 54 F aPAH 45 577 N P, E Dead Wt/Wt Wt/Wt 0
55 47 F iPAH 58 756 N P E, Pr Dead VIV Wit/Wt 2
56 24 F iPAH 56 912 N P E, Pr Transpl Wi/Wt Wi/Wt 0
57 27 F iPAH 50 1050 N P E, Pr Dead V/Wit V/Wt 2
58 19 M aPAH 40 334 N P Alive Wit/Wt Wit/Wt 0
59 61 F iPAH 57 800 N P, E, Pr Dead Wt/ Wt V/V 2
60 36 F iPAH 52 710 Y P, E Alive Wt/Wt Wt/Wt 0

aPAH indicates associated pulmonary arterial hypertension; DM, diabetes mellitus; E, endothelin receptor antagonists; iPAH, idiopathic pulmonary arterial
hypertension; mPAP, mean pulmonary artery pressure; P, phosphodiesterase type 5 inhibitors; Pr, prostacyclin analogues; PVR, pulmonary vascular resistance;

V, gene variant (SNP); and Wt, wild type (normal).

we previously described,'® by which a score of 0 was
given if both alleles were WT; a score of 1 if 1 of the
SNPs was present in a heterozygous manner; a score
of 2 if both SNPs were present in a heterozygous man-
ner or 1 SNP was present in a homozygous manner;
and a score of 3 if 1 SNP was present in a homozy-
gous and the other was present in a heterozygous
manner (Table; Figure 1A). Table lists the SNP (ie, gene
variant) in both alleles for both SIRT3 and UCPZ2 genes.
We found that the majority of patients had an SNP
score of 1, many had a score of 2, and 1 patient had
a score of 3 (Table). A nonparametric correlation anal-
ysis using the Spearman coefficient revealed a weak
but statistically significant positive correlation between
the PVR (mean PAP-PAWP/CO) and the SNP score
(Figure 1B), meaning the increase of PVR is a dosage
effect of gene alleles. We found that type 2 diabetes
was more prevalent in patients with an SNP score of
1 and 2 to 3 (attributable risk from the presence of the
SNPs 58% and 75%, respectively), and the same was
true for death/transplantation (attributable risk 29%
and 47%), compared with patients with an SNP score
of O (Table; Figure 1B). We realize the small size of our
single center cohort does not allow us to conclude that
there is either a true or a causal association with dis-
ease severity, type 2 diabetes, or negative outcomes,
but this was a motivation to explore this provocative
association mechanistically with an animal model.

We generated a double knockout colony from a
double heterozygous colony that was initially gener-
ated by crossing heterozygote Sirt3*~ mice (129/Sv
background) with Ucp2+~ mice (C57BL6 background),
both of which are commercially available and previ-
ously published by our group.'® We then crossed
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double heterozygous mice to obtain a Mendelian mix
of Sirt3*~-Ucp2-, Sirt37--Ucp2*~, Sirt3*--Ucp2",
and Sirt3~--Ucp2~~ mice. We crossed the double het-
erozygous subcolony for 10 generations before we es-
tablished a stable new mixed background WT mouse
(WT, Sirt3**+-Ucp2+**) and after that, we started cross-
ing and studying littermate mice (Figure S1A through
S1C). We chose this approach (rather than backcross-
ing toward 1 of the 2 backgrounds) because it better
reflects the genetic variability of our patients with PAH.
Sirt3~~-Ucp2~- mice were viable at birth (ie, no embry-
onic lethality), and they also fit the predicted Mendelian
ratio, suggesting that double loss of Sirt3 and Ucp2 is
not required for embryogenesis.

By the third to fourth month of age, both male and
female mice showed clinical evidence of disease (ie,
decreased activity, agitation, and decreased feeding).
Echocardiography and close-chest right heart cathe-
terization (via the jugular vein) at 3- to 4-months-old
mice revealed PHT with elevated systolic and mean
arterial pressures, increased right atrial pressure, de-
creased cardiac output, RV hypertrophy and RV dilata-
tion (both by echocardiography and at euthanasia) and
decreased systolic RV function (by TAPSE in echocar-
diography) (Figure 2A and 2B). Absence of any increase
in left ventricular end-diastolic pressure (Figure S2) and
macroscopic/histology evidence of lung parenchymal
abnormalities suggested that this was PAH. Importantly
and as hypothesized, there was a dose-response be-
tween the degree of gene loss and the severity of PAH,
as the worse PAH was found in Sirt37--Ucp2~~ mice,
less in the Sirt3~-Ucp2*~ or Sirt3*~-Ucp2”/~ mice,
and less in the Sirt3*~-Ucp2*~ mice, while all showed
higher pressures than the WT mice (Figure 2A). Even
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Figure 1. SIRT3 and UCP2 single nucleotide polymorphisms (SNPs) in a cohort of patients with PAH.

A, Representative PCR studies of a few patients with PAH showing how the detection of the gene variant (SNP) or the wild-type gene in
each of the 2 alleles allowed us to calculate the SNP score for each patient. For each sample the presence of “hits” above the threshold
line (in pink) determines whether the variant is in none (Wt/Wt), 1 (V/W1), or both alleles (V/V). B, Spearman coefficient of 0.3 shows a
weak but statistically significant (P<0.01) correlation between the SNP score and the pulmonary vascular resistance (PVR) (see Table).
(left) Mann-Whitney U testing shows a significant difference between SNP score 0 and 2 to 3. The sample size, the percent of death/
transplantation, and the percent of type 2 diabetes mellitus for each SNP score group as well as the attributable risk for the SNP 1
and SNP 2 to 3 groups (compared with the SNP 0 group) is shown in the table to the right. c/w indicates compared with; DM, diabetes
mellitus; FAM, fluorescein amidite; NS, not significant; PCR, polymerase chain reaction; SIRT3, sirtuin3; UCP2, uncoupling protein 2;

V, variant; and Wt, wild type.

at this young age of 3 to 4 months, the mice had clear
right ventricular hypertrophy (RVH), and decreased
systolic RV function and RV dilatation was mostly pres-
ent at the Sirt37--Ucp2*~ or Sirt3*—-Ucp2”~ and the
Sirt3~--Ucp2~-mice (Figure 2A). We also performed
the Masson’s trichrome staining to the right ventricles
to measure fibrosis. These data showed that Sirt3~--
Ucp2+~ (3 allele-KO) and Sirt3~~-Ucp2~~ (double KO)
mice have a significant increase of fibrosis, compared
with WT controls (Figure S3). Moreover, the mortality
(as assessed by Kaplan—Meier survival curve) was
significantly increased in the Sirt3~~-Ucp2~~ mice,
compared with WT (Figure S4). Although most of the
mice studied were male, at least 2 female mice were
included in each of the groups shown in Figure 2A.

No difference was detected between male and female
mice and the data were expressed as 1 group for each
study.

Lung histology showed the presence of extensive
vascular remodeling, with the worst shown in Sirt3~--
Ucp27~ and Sirt3~7-Ucp2*~ or Sirt37--Ucp27-, in
keeping with the hemodynamic data. There was an
increase in percent medial thickness in medium-sized
pulmonary arteries (40-100 pm) (Figure 3A) and in-
creased muscularization of the small-sized vessels
(<40 pm), shown in both hematoxylin and eosin stain-
ing and confocal microscopy immunohistochemistry,
using smooth muscle actin to mark smooth mus-
cle cells and von Willebrand factor to mark the en-
dothelium (Figure 3B). More importantly, there were
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Figure 2. A gene dose-dependent effect on the severity of PAH in mice heterozygote or homozygote to the loss of both
Sirt3 and Ucp2.

A, Several parameters measured by close chest right heart catheterization (mean PA pressure, RA pressure), echocardiography
(cardiac output, RV thickness, RV end-diastolic diameter, TAPSE) or measured after euthanasia (RV/LV+septum weight) are shown. In
each graph, the third column of data shows a mixture of Sirt3+*--Ucp2~'- or Sirt3~--Ucp2*'-, represented by circles or triangles. These
2 groups were graphed together since their values were similar. For mPAP, cardiac output, RV diameter: ****P<0.0001; for RA pressure:
**P=0.008, ****P<0.0001; for RV/ LV+IVS: *P=0.024, ****P<0.0001; for RV thickness: **P=0.0008, ***P=0.0004; for TAPSE: **P=0.00086,
***P=0.0009, compared with WT mice. These comparisons (as well as in the subsequent figures) were done post hoc (Bonferroni)
since the overall 1-way ANOVA for the groups was significant. B, Representative tracings of RV and PA pressures in several mice
groups. IVS indicates Interventricular septum; LV, left ventricular; mPAP, mean pulmonary artery pressure; PA, pulmonary artery; PAH,
pulmonary arterial hypertension; RA, right atrium; RV, right ventricular; Sirt3, sirtuin3; Ucp2, uncoupling protein 2; TAPSE, tricuspid
annular plane systolic excursion; and WT, wild type.

extensive plexogenic lesions in the pulmonary vessels
of the Sirt3~~-Ucp2~~ and Sirt37--Ucp2+*~ or Sirt3+--
Ucp2~-mice (Figure 4). The remodeled pulmonary ar-
terioles also had increased levels of the proliferation
marker Ki67 (Figure S5).

An unanswered question in the PAH field is the
mechanism of the plexogenic arteriopathy and par-
ticularly whether this is downstream or upstream to
the increase in pressure. Performing closed chest
right heart catheterization in young mice is challeng-
ing and very difficult in mice of 2 months of age. We
managed to perform reliable catheterization in the

J Am Heart Assoc. 2021;10:e020451. DOI: 10.1161/JAHA.120.020451

three 2-month-old mice/group and we found that the
Sirt3--Ucp2~~ mice had established plexogenic arte-
riopathy despite the fact that the PA pressure (at least
at rest) was within normal levels and similar to the WT
mice (Figure S6).

We then tested whether there was increased pres-
ence of inflammatory cells within and around the re-
modeled pulmonary vessels by staining the lungs
with a marker of Treg cells (CD4), which have been di-
rectly implicated in the pathogenesis of PAH, although
whether they promote injury or they participate in the
healing response remains unclear.?”?® Similar to the
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Figure 3. Pulmonary vascular remodeling in mice heterozygote or homozygote to the loss of both Sirt3 and Ucp2.

A, Representative images (hematoxylin and eosin staining) from lungs of all the mice groups along with mean data of percent
medial wall thickness (MWT) of pulmonary arterioles (40-300 pm) are shown. ****P<0.0001 compared with WT mice. These
comparisons were done post hoc (Bonferroni) since the overall 1-way ANOVA for the groups was significant. n=35 arteries/group.
B, Representative confocal images of small arterioles (<40 pm) and mean data of percent muscularization are shown. DAPI indicates
4’ 6-diamidino-2-phenylindole (nuclear stain); SMA indicates smooth muscle actin; Ucp2, uncoupling protein 2; vVWF, von Willebrand
factor (marking endothelial cells), and WT, wild type.. The mean percent muscularization is shown to the right. n=50 arteries/group.

vascular remodeling degree, the Sirt3~--Ucp2~~ and
Sirt3--Ucp2*~ or Sirt3*--Ucp2-~ mice exhibited a
large pulmonary vascular infiltration with CD4* T cells,
compared with lungs from WT mice (Figure S7).

We then isolated and cultured PASMCs from the
intrapulmonary pulmonary arteries of these mice
(>fourth division) and we showed that even in in vitro
conditions they maintained their proliferative pheno-
type, with the Sirt3~--Ucp2”/~ and Sirt3~--Ucp2+~
or Sirt3*--Ucp2’- PASMCs expressing more Ki67,
higher nuclear levels of the pro-proliferative master
transcription factors hypoxia inducible factor 1a and
nuclear factor of activated T cells ¢c2, and a higher
ratio of nuclear/cytoplasmic of Y%p-STAT3, than
PASMCs from the WT mice (Figure 5A, Figure S8).
Under serum starvation (0.1%), the Sirt3~--Ucp2~/~
and Sirt3~~-Ucp2*~ or Sirt3*~-Ucp2~ PASMCs ex-
hibited less apoptosis compared with the WT cells,
measured with the TUNEL (terminal deoxynucleotidy!

transferase-mediated dUTP-biotin nick-end labeling)
and Annexin V assays (Figure 5B and Figure S9). We
have previously shown that proliferative PASMCs from
animals with PAH had more hyperpolarized mitochon-
dria (measured by tetramethyl-rhodamine methyl-ester
perchlorate) and produced less mitochondrial reac-
tive oxygen species (measured by MitoSox).!"12:25:29
This was confirmed in these cells as well, with the
Sirt3~=-Ucp2”~ and Sirt37--Ucp2~ or Sirt3+~-
Ucp27~ PASMCs exhibiting higher mitochondrial
membrane potential (higher tetramethyl-rhodamine
methyl-ester perchlorate fluorescence) and lower lev-
els of mitochondrial reactive oxygen species (lower
MitoSox fluorescence) (Figure 6A). The increased mi-
tochondrial potential contributes to the suppression
of mitochondria-dependent apoptosis and is consis-
tent with a suppression of mitochondrial function, as
we have previously shown in both PAH PASMCs and
cancer cells.'®303 Thus, we measured respiration and
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Figure 4. Plexogenic arteriopathy in mice lacking both Sirt3 and Ucp2.

Representative pictures of lung histology (top) and confocal immunohistochemistry of small pulmonary arteries from Sirt3*--Ucp2-'-,
Sirt3~--Ucp2*-, and Sirt3~--Ucp2~'- mice. Arrows indicate plexogenic lesions in top 5 images. DAPI indicates 4’,6-diamidino-2-
phenylindole (nuclear stain); Sirt3, sirtuin3; SMA, smooth muscle actin; Ucp2, uncoupling protein 2; and vWF, von Willebrand factor

(marking endothelial cells).

glycolytic rates in PASMCs. As expected, we found
that Sirt3~--Ucp2~-and Sirt3~--Ucp2*~ or Sirt3*--
Ucp2”~ PASMCs had lower respiration rates and
higher glycolytic rates compared with WT PASMCs,
using the SEAHORSE platform (Figure 6B).

Last, we assessed for signs of insulin resistance in
Sirt3~--Ucp2~- mice, which demonstrated marked ele-
vations in blood glucose levels in response to a glucose
tolerance test, compared with WT mice (Figure 7A).%?
The glucose intolerance in Sirt37--Ucp2”~ mice
was associated with no change in circulating insu-
lin levels, suggesting that there is skeletal muscle

J Am Heart Assoc. 2021;10:e020451. DOI: 10.1161/JAHA.120.020451

insulin resistance, rather than pancreatic dysfunction.
Accordingly, the ability of insulin to lower blood glu-
cose was markedly diminished in Sirt3~--Ucp2~~ mice
during an insulin tolerance test, compared with WT
mice (Figure 7A). Moreover, Akt phosphorylation was
impaired in the gastrocnemius muscle collected from
Sirt3=-Ucp2~~ mice during the insulin tolerance test,
whereas the Akt phosphorylation increased appropri-
ately in WT gastrocnemius muscle (Figure 7B). This
finding also supported insulin resistance in Sirt3~/--
Ucp2~- mice, likely because of impaired insulin signal-
ing immediately downstream from the insulin receptor.

11
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Figure 5. Proliferative and anti-apoptotic phenotype in cultured PASMCs from mice heterozygote or homozygote to the
loss of both Sirt3 and Ucp2.

A, Increased intranuclear levels of HIF1a, NFATc2, and Ki67 in PASMCs from mice lacking Sirt3 and Ucp2 compared with PASMCs from
WT mice. *P=0.0377, ****P<0.0001 (Bonferroni) compared with the WT PASMCs, following 1-way ANOVA, n=~150 cells/group (HIF1a
and NFATc2), n=~240 cells/group (Ki67) (from 3 mice/group). B, Increased resistance to apoptosis (less TUNEL-positive PASMCs) in
response to serum starvation for 48 hours is shown in PASMCs from mice lacking Sirt3 and Ucp2 compared with PASMCs from WT
mice. ****P<0.0001 (Bonferroni) compared with the WT PASMCs, following 1-way ANOVA, n==240 cells/group (from 3 mice/group).
AFU indicates absolute fluorescence units; DAPI, 4’,6-diamidino-2-phenylindole (nuclear stain); HIF1a , hypoxia inducible factor 1 ¢;
NFATc2, nuclear factor of activated T cells 2; PASMCs, pulmonary artery smooth muscle cells; sirt3, sirtuin3; TUNEL, terminal
deoxynucleotidyl transferase-mediated dUTP-biotin nick-end labeling; Ucp2, uncoupling protein 2; and WT, wild type.
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DISCUSSION

Our work supports the metabolic theory of PAH, which
suggests that mitochondrial suppression is central to
the pathogenesis of PAH, and not secondary or down-
stream to other abnormalities described in PAH patho-
genesis.®* There are 2 important and novel findings in
our work, discussed below.

First, we describe a somewhat unexpected high
prevalence of loss-of-function SNPs in 2 genes en-
coding mitochondrial proteins in a small but well-
characterized prospective cohort of patients with PAH,
in whom we collected blood at the time of their original
assessment and we followed over the past 10 years.

J Am Heart Assoc. 2021;10:e020451. DOI: 10.1161/JAHA.120.020451

We found a provocative association between these
SNPs and the severity of PAH or the presence of type
2 diabetes (a previously described feature of patients
with PAH that remains unexplained®®) and outcomes
(death or transplantation), which clearly needs to be
prospectively studied in larger and independent stud-
ies, before it can be claimed to be either true or causal
(Table; Figure 1B). Moreover, PAH affects more women
than men, but the prognosis of male patients is worse
than that of female patients. This is in keeping with our
data since male patients with PAH have a higher SNP
score than female patients. For example, 33% of male
patients have an SNP score 2 to 3 compared with 23%
in female patients, while 36% of female patients have

12
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Figure 6. Metabolic remodeling in PASMCs from mice lacking Sirt3 and Ucp2.

A, Staining with the mitochondrial tracer TMRM and MitoSox shows that PASMCs from Sirt3~--Ucp2*-, Sirt3*--Ucp2~"-, and Sirt3~--
Ucp2~- mice have higher mitochondrial membrane potential and lower production of mitochondrial-derived ROS, respectively,
compared with mitochondria from WT PASMCs. ****P<0.0001 (Mann-Whitney U test) compared with the WT PASMCs, n=50 cells/
group (3 experiments). B, SEAHORSE measurements of respiration (OCR) and ECAR (indicative of glycolysis) show that PASMCs
from Sirt3~--Ucp2*~ and Sirt3--Ucp2~~ mice have suppressed OCR (ie, suppressed mitochondrial function) and increased ECAR
(ie, secondary increase in glycolysis) compared with PASMCs from WT mice. For OCR: *P=0.0196, **P=0.0025; for ECAR: **P=0.0016,
****P<0.0001 (Bonferroni) compared with the WT PASMCs, following 1-way ANOVA. n=12 measurements from 3 mice/group. AFU
indicates absolute fluorescence units; DAPI, 4’,6-diamidino-2-phenylindole (nuclear stain); ECAR, extracellular acidification rate; OCR,
oxygen consumption rate; PASMCs, pulmonary artery smooth muscle cells; ROS, reactive oxygen species; sirt3, sirtuin3; TMRM,

tetramethylrhodamine methyl ester; Ucp2, uncoupling protein 2; and WT, wild type.

an SNP score 0 compared with 23% of male patients;
also, a higher SNP score correlates positively with PAH
severity and outcomes (death and transplantation).
However, the overall small sample size does not allow
for any conclusive statements when it comes to out-
comes, other that hypothesis generation.

The fact that all patients received the same
protocol-driven therapeutic approach, the absence
of significant comorbidities upon entering the cohort,
along with the fact that PAH therapies are not known
to affect survival,? allow us to report this association
with outcomes. Importantly, we previously showed
that patients with PAH with a high SNP score for these
2 SNPs had more inhibited pyruvate dehydrogenase

J Am Heart Assoc. 2021;10:e020451. DOI: 10.1161/JAHA.120.020451

function and mitochondrial respiration than patients
without SNPs, studied in lungs immediately after they
were explanted at transplant surgery.'® The SIRT3 SNP
variant (rs11246020) that affects the enzyme’s catalytic
activity has been shown to decrease the enzymatic ac-
tivity of Sirt3 in patient carriers.'® Carriers of the UCP2
SNP (rs659366) that affects the promoter of the gene
have a variant-dependent decrease in UCP2 mRNA in
the subcutaneous fat (ie, the SNP homozygotes have
the lowest level, followed by the heterozygotes and the
patients carrying both WT type alleles).?? Yet another
study showed that the carriers of the same SNP had
increased levels of Ucp2 mRNA in the intra-abdominal
fat, suggesting that the regulation of Ucp2 is tissue

13
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Figure 7. Insulin resistance in mice lacking Sirt3 and Ucp2 and an overall proposed mechanism for the diverse effects of
SIRT3 and UCP2 loss in humans and mice with PAH.

A, Following starvation for 16 h, the glucose levels in the blood Sirt3~--Ucp2~/- are higher following glucose administration at time 0,
compared with WT mice (glucose 2 g/kg IP), but the blood insulin levels are not different (GTT). The glucose levels decrease less after
insulin administration (0.5 U/kg IP) following 6 h starvation (the ITT was performed 5 d after the GTT), compared with WT mice. AUC (for
GTT test) and AAC (for ITT test) are shown in the bar graphs. Differences were determined by the use of an unpaired 2-tailed Student
t test (AUC and AAC) or a 2-way repeated-measures ANOVA followed by Bonferroni post hoc analysis (GTT and ITT).%2 *P=0.0173,
**P=0.0035 compared with WT mice, n=5 to 6 mice/group. B, Skeletal muscle (gastrocnemius) was removed at time 0 and 30 minutes
during the ITT. Fold increase in p-AKT/AKT shows that while the WT muscles showed the expected increase in Akt phosphorylation,
the Sirt3~--Ucp2~"- muscle did not show any change. A representative immunoblot is shown along with the mean data. *P=0.0331 (¢
test) compared with WT mice, n=4 mice/group. C, A proposed mechanism of how a primary mitochondrial abnormality can explain the
presence of PAH, vascular inflammation, and insulin resistance in human and mouse PAH (see Discussion). AAC indicates areas above
the curves; AUC, areas under the curves; GTT, glucose tolerance test; HIF1a, hypoxia inducible factor 1q; ITT, insulin tolerance test;
mROS, mitochondrial reactive oxygen species; NFATc2, nuclear factor of activated T cells C2; PAH, pulmonary arterial hypertension;
PASMC, pulmonary artery smooth muscle cell; Sirt3, sirtuin3; SNPs: single nucleotide polymorphisms; Ucp2, uncoupling protein 2;
and WT, wild type.

dependent and may also be affected by additional described rodent models. First, the severe PHT found

factors.®® In summary, although from our small sam-
ple size we cannot be certain that this association will
stand when tested in other multicenter and larger co-
horts, we believed it deserved mechanistic exploration
in an animal model that mimics the loss of function of
Sirt3 and Ucp2.

Second, we created a novel mouse model of PAH
in which to explore our clinical data, and we found that
it has more features of human PAH than in previously

J Am Heart Assoc. 2021;10:e020451. DOI: 10.1161/JAHA.120.020451

in mice lacking both Sirt3 and Ucp2 is spontaneous,
occurs at a young age, and leads to definitive objec-
tive features of RV failure (ie, increased RA pressure,
decreased CO, dilatation of the RV, and a significant
decrease in RV function) (studied in vivo with TAPSE)
(Figure 2A). Second, after following the strict pathol-
ogy criteria that have been described for these plex-
ogenic lesions in both the rat Sugen/hypoxia model
and humans,'®34 we found these mice had frequent
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plexogenic lesions, even at the age of 2 months, be-
fore the establishment of hemodynamic evidence of
PHT (at least at rest) (Figure 4 and Figure S6). There is
no other mouse model that shows frequent and pre-
dictable plexogenic lesions. This finding may offer a
potential answer to the question of whether the plex-
ogenic lesions follow or precede the increase in PA
pressures. If anything, existing models (ie, the Sugen/
hypoxic rat model) had suggested that these lesions
appear late in the disease when PHT is already se-
vere'®; and human data (because of the lack of biop-
sies at earlier stages of the disease) cannot provide an
answer." Third, we found an increased infiltration of
the pulmonary arterioles with CD4* T cells (Figure S7).
Recently, the role of inflammation in PAH has emerged
as central to the pathogenesis of PAH.82” The lack of
these 2 mitochondrial proteins from T cells themselves
is predicted to facilitate their activation, since inhibi-
tion of oxidative phosphorylation is both necessary
and precedes T cell activation.” Thus, we cannot de-
termine whether the increased infiltration of T cells in
the pulmonary vessels of these mice is a result of sig-
naling from the lung microenvironment or it reflects T
cell activation in the bone marrow. On the other hand,
considering the presence of these SNPs in patients,
the same applies to patients having suppressed mi-
tochondrial function throughout the body. Fourth, the
insulin resistance found in the Sirt3~--Ucp2~/~ without
the addition of high-fat diet (Figure 7A) mimics clinical
PAH, where some patients have evidence of unex-
plained metabolic syndrome without being obese. A
hypothesis that stems from our work is that the pa-
tients with insulin resistance and skeletal muscle mi-
tochondrial suppression, reported previously by other
groups,®® may actually be patients with higher SNP
scores for SIRT3 and UCP2 allelic SNPs. Sirt3 KO
mice are predisposed to insulin resistance in keeping
with our data.'® Ucp2 KO mice are also predisposed
to diabetes because they exhibit suppressed glucose-
induced insulin secretion®® (although in our case we
found insulin resistance and not diabetes relating to
pancreas dysfunction), but this appears to depend on
mice background.®® Regardless of their background,
the fact that severe PAH coexists with insulin resis-
tance in the same animal with a global mitochondrial
deficiency directly supports our clinical finding that the
presence of these SNPs is associated with the pres-
ence of type 2 diabetes in patients with PAH. It also al-
lows us to speculate that this association is potentially
causal. In fact, the skeletal muscle from the offspring
of patients with type 2 diabetes has insulin resistance
because of an inherited defect in oxidative phosphor-
ylation,®” a finding similar to what is reported for the
skeletal muscle of patients with PAH.®

Another important aspect of our work is that, while
in our patient cohort the correlation of SNP score with
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the severity of PAH (PVR, outcomes) was weak (but
statistically significant), our mice showed a very strong
and positive gene dose-dependent relation between
the loss of Sirt3/Ucp2 and the increase in PA pressure,
as well as the worsening of RV failure (RV end-diastolic
diameter, RA pressure, CO, and TAPSE) and vascular
remodeling (Figure 2A). This supports our clinical data
showing a correlation between the SNP score and
PVR. Our animal ethics committee did not allow us to
perform death end-point studies, but the degree of RV
failure and the clinical signs of the Sirt3~--Ucp2~-and
Sirt3~--Ucp2*~ or Sirt3*~-Ucp2~ mice (decreased
activity/withdrawal, decreased appetite, and irritabil-
ity) suggested a significant burden of disease requir-
ing euthanasia. Thus, our mice data also support the
association of these SNPs with outcomes (death or
transplantation) in our clinical cohort.

Since mouse models of PAH have been criticized
for the lack of important clinical features of human PAH
(including the mild increase in PA pressures and the
lack of plexogenic lesions), our new mouse PAH model
may prove to be helpful in the field. Mice are far more
useful in molecular and genetic studies than other an-
imal models. In the future, our mice could be crossed
with other KO or transgenic mice that lack genes that
either worsen or protect from PAH, further improving
our tools for the study of PAH, a disease that is clearly
multifactorial.

Two-month-old  Sirt3~--Ucp2~~ mice have plex-
ogenic lesions but normal PA pressures. Therefore, it
appears that even in the early phase of the disease
(2-month-old), the lack of Ucp2 and Sirt3 still induces
a hyperproliferative phenotype of PASMCs, pulmonary
artery endothelial cells (PAECs), and fibroblasts, which
are components of plexogenic lesion (we stained for
both PASMCs and PAECs). The observed proliferation
of PAECs may be a repair response to an initial loss/in-
jury of PAEC, as some theories suggest for early PAH.
Our data show, however, that at this very young age
there is already evidence of proliferation throughout the
vascular wall, although the possibility of increased loss
of PAEC at an even earlier stage cannot be excluded.
We have previously summarized in original publications
and reviews the potential mechanisms that are down-
stream of mitochondrial suppression (both in PAH and
cancer), which explain both the proliferation and anti-
apoptotic phenotype in PASMCs, including the mech-
anism of activation of critical transcription factors that
have been shown to be activated in human and animal
PAH3-5 (Figure 7C). In addition to loss of Sirt3 and Ucp2,
other factors have been shown to contribute to the mi-
tochondrial suppression in PAH PASMCs, including
endoplasmic reticulum stress,?*?> or abnormalities in
mitochondrial fission/fusion.®&3° Our current work now
further suggests that mitochondrial suppression is not
only “permissive” for the development of PAH, as we

15



Zhang et al

have previously suggested in our metabolic theory of
PAH,%-® pbut also may be actually causal, since these
mice recapitulate many features of human PAH.

We also previously proposed that although mito-
chondrial abnormalities may be present throughout
the body, the fact that the vascular phenotype is re-
stricted to the lung vasculature may have to do with
the fact that there are differences between pulmonary
vascular mitochondria and systemic vascular mito-
chondria®® (a fact that may also explain why hypoxic
pulmonary vasoconstriction is a specific feature of the
pulmonary and not systemic circulation), making cells
in pulmonary microvessels more responsive earlier
to mitochondrial abnormalities, than cells in systemic
vessels. Although we did not study that in detail, we
did not observe systemic vascular abnormalities, at
least enough to affect left ventricular end-diastolic
pressure. This allowed us to “diagnose” PAH in these
mice, but we cannot be certain that these mice would
not develop systemic vascular diseases if they were to
survive to grow older.

Since Sirt3 KO mice have also been shown to
develop pulmonary fibrosis,*! it is possible that our
Sirt3~--Ucp2~~ mice may develop worsening pulmo-
nary fibrosis with age, although they did not have an-
atomic evidence of fibrosis or hypoxemia at the time
that we studied them. If these mice were to develop
pulmonary fibrosis with age (either directly or second-
ary to inflammation) they would still be relevant to the
clinical associated PAH because of collagen vascular
diseases such as scleroderma, which is characterized
by pulmonary fibrosis in addition to PAH.

However, this study also has some limitations. First,
the size of the PAH patient cohort is small, so we were
not able to analyze the subgroups of SNP score 2 to
3 to show whether there are any differences between
SIRT3 SNP and UCP2 SNP. Second, to support the
human data, our mouse model used gene knockout
(KO) rather than a mouse expressing the human SNP.
This is extraordinarily difficult and even more difficult
is to express 2 human SNPs. On the other hand, the
double KO mice allowed us to also study the lack of
genes in a variety of homozygote/heterozygote combi-
nations, allowing us to assess “gene dose-dependent”
associations, which strengthen the causality aspect
of our mechanism. Third, we cannot rule out primary
effects of Ucp2 or Sirt3 loss on the RV myocardium.
However, because the left ventricular size and function
were not affected, this is somewhat unlikely. In addi-
tion, the mild RV enlargement and dysfunction that we
noted in our young mice is not out of proportion with
the degree of PAH that we measured.

In conclusion, our mouse model supports our
provocative clinical data in our cohort and is directly
relevant to a subgroup of patients with PAH carrying
more than 1 loss-of-function SNPs in genes encoding
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mitochondrial proteins, particularly those that carry
them in both alleles.
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Figure S1. A. Representative PCR blot confirming the genotype for the Sirt3 and Ucp2 mutant
mice. Sirt3 mutant mice have deletion of exons 2-3. Based on the primer sequences used, the
wild type allele shows at 562bp and the mutant allele shows at 200bp. The Sirt3 heterozygous
mice are positive for both alleles (Top blot). The Ucp2 mutant mice have an insertion of a PGK-
NEO cassette replacing exons 3-7 to create the larger mutant allele. The Ucp2 mutant allele
shows at 280bp, while the wild type allele shows at 156bp. The Ucp2 heterozygous mice are
positive for both alleles (bottom). B. qRT-PCR (in lung tissues) shows that the double knockout
mice have no detectable levels of Sirt3 or Ucp2 mRNA, compared to wild type controls, while the
double heterozygous mice express ~50% mRNA levels. C. Lung tissue from mice heterozygous or
homozygous to the lack of both genes shows no detectable levels of either Sirt3 or Ucp2, and
decreased expression of either SIRT3 or UCP2 compared to WT mice, using immunoblots. The
remaining “smear” in the Ucp2 blot of Sirt37-Ucp2”/- mice, is likely due to the well-known cross-
reactivity of the Ucp2 antibody with Ucp3, in all known commercially available antibodies (Ucp2
shares a 72% homology with Ucp3).



Figure S2
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Figure S2. Representative LVEDP traces from anesthetized mice lacking Sirt3 and Ucp2 shows
that they all have normal values.



Figure S3
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Figure S3. Representative Masson’s trichrome pictures of right ventricles from Sirt37/-Ucp2*/- and
Sirt37-Ucp27- mice shows that they have a significant increase of fibrosis compared to WT mice.
***%p<0.0001 (Kruskal-Wallis test) compared to WT mice, n=15 images from 3 mice / group.
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Figure S4. Sixteen-month (12 months after developing PAH) Kaplan-Meier survival plot
shows the Sirt37-Ucp27- mice have decreased survival compared to WT mice. *p<0.05
compared to WT mice, n=16 mice / group.



Figure S5
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Figure S5. Representative confocal immunohistochemistry images of pulmonary arteries from
mice lacking Sirt3 and Ucp2 shows that they express higher levels of the proliferation marker Ki67
in their vascular wall.
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Figure S6. Confocal immunohistochemistry of small pulmonary arteries (showing plexogenic
lesions) as well as right heart catheterization data (pulmonary artery tracings and mean PA
pressure data) shows normal pressures in 3 WT and 3 Sirt37-Ucp27/- 2 month-old mice,
suggesting that the plexogenic arteriopathy is a very early event in the disease process.
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Figure S7. Representative confocal immunohistochemistry images of small pulmonary arteries
and mean data shows increased CD4* T cells within and around the vascular wall of Sirt37/-
Ucp2*, and Sirt37-Ucp2”- mice compared to WT mice. ****p<0.0001 (Bonferroni) compared to
WT mice, n = 50 arteries / group.



Figure S8
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Figure S8. Representative confocal immunohistochemistry images of PASMCs shows increased
ratio of nuclear/cytoplasmic of Y79p-STAT3 in PASMCs from mice lacking Sirt3 and Ucp2
compared to PASMCs from WT mice. ****p<0.0001 (Bonferroni) compared to WT mice, n = 60

cells / group (3 experiments).
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Figure S9. Annexin V / Propidium lodide (PI) staining of PASMCs exposed to serum starvation for
48 hours shows decreased apoptosis in the Sirt3/-Ucp2”/- compared to the WT PASMCs. The cells
stained only for Annexin V (marking apoptosis) and not Pl (which marks death) are counted to
measure apoptosis (and not necrosis). ****p<0.0001 (Mann-Whitney U test) compared to the
WT PASMCs, n =~240 cells / group (3 experiments).



