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Abstract

Pulmonary hypertension (PH) is a heterogeneous and life-
threatening cardiopulmonary disorder in which mitochondrial
dysfunction is believed to drive pathogenesis, although the
underlying mechanisms remain unclear. To determine if abnormal
SIRT3 (sirtuin 3) activity is related to mitochondrial dysfunction in
adventitial fibroblasts from patients with idiopathic pulmonary
arterial hypertension (IPAH) and hypoxic PH calves (PH-Fibs)
and whether SIRT3 could be a potential therapeutic target to
improve mitochondrial function, SIRT3 concentrations in control
fibroblasts, PH-Fibs, and lung tissues were determined using
quantitative real-time PCR and western blot. SIRT3 deacetylase
activity in cells and lung tissues was determined using western
blot, immunohistochemistry staining, and immunoprecipitation.
Glycolysis and mitochondrial function in fibroblasts were
measured using respiratory analysis and fluorescence-lifetime
imaging microscopy. The effects of restoring SIRT3 activity (by
overexpression of SIRT3 with plasmid, activation SIRT3 with
honokiol, and supplementation with the SIRT3 cofactor

nicotinamide adenine dinucleotide [NAD1]) onmitochondrial
protein acetylation, mitochondrial function, cell proliferation, and
gene expression in PH-Fibs were also investigated. We found that
SIRT3 concentrations were decreased in PH-Fibs and PH lung
tissues, and its cofactor, NAD1, was also decreased in PH-Fibs.
Increased acetylation in overall mitochondrial proteins and SIRT3-
specific targets (MPC1 [mitochondrial pyruvate carrier 1] and
MnSOD2 [mitochondrial superoxide dismutase]), as well as
decreasedMnSOD2 activity, was identified in PH-Fibs and PH lung
tissues. Normalization of SIRT3 activity, by increasing its expression
with plasmid or with honokiol and supplementation with its cofactor
NAD1, reduced mitochondrial protein acetylation, improved
mitochondrial function, inhibited proliferation, and induced
apoptosis in PH-Fibs. Thus, our study demonstrated that restoration
of SIRT3 activity in PH-Fibs can reduce mitochondrial protein
acetylation and restore mitochondrial function and PH-Fib
phenotype in PH.

Keywords: mitochondria; SIRT3; honokiol; nicotinamide adenine
dinucleotide; pulmonary hypertension

(Received in original form September 14, 2022; accepted in final form June 21, 2023)

Supported by U.S. Department of Defense grant DOD W81XWH2010249; National Heart, Lung, and Blood Institute grant P01HL152961 and
Ministry of Education, Czech Republic, grant LTAUSA18107.

Author Contributions: M.L. contributed to the experimental design; prepared samples; and performed experiments, data analysis, results
explanation, and manuscript preparation. L.P.-H. performed experiments, data analysis, and manuscript preparation related to respiratory
analysis and contributed to the overall experimental design. E.D. performed experiments, data analysis, and manuscript preparation related to
fluorescence-lifetime image microscopy. A.G. and R.M.T. contributed to lung tissue immunohistochemistry staining and results explanation. S.R.
contributed to sample preparation and nicotinamide adenine dinucleotide measurement. S.K. helped with statistical analysis. R.R.P. contributed
to the cell apoptosis assay. B.A.M. contributed to sample preparation. A.L. contributed to the plasmid preparation. K.R.S., C.-J.H., and H.Z.
contributed to the experimental design, results explanation, and manuscript preparation.

Correspondence and requests for reprints should be addressed to Kurt R. Stenmark, M.D., University of Colorado Denver, Anschutz Medical
Campus, 12700 East 19th Avenue, Box B131, Aurora, CO 80045. E-mail: Kurt.Stenmark@cuanschutz.edu.

This article has a related editorial.

This article has a data supplement, which is accessible from this issue’s table of contents at www.atsjournals.org.

Am J Respir Cell Mol Biol Vol 69, Iss 5, pp 570–583, November 2023

Copyright © 2023 by the American Thoracic Society

Originally Published in Press as DOI: 10.1165/rcmb.2022-0360OC on June 21, 2023

Internet address: www:atsjournals:org

570 American Journal of Respiratory Cell and Molecular Biology Volume 69 Number 5 | November 2023

http://orcid.org/0000-0001-6918-6411
http://crossmark.crossref.org/dialog/?doi=10.1165/rcmb.2022-0360OC&domain=pdf&date_stamp=2023-10-25
mailto:Kurt.Stenmark@cuanschutz.edu
https://doi.org/10.1165/rcmb.2023-0199ED
http://www.atsjournals.org
https://doi.org/10.1165/rcmb.2022-0360OC
http://www.atsjournals.org


Pulmonary hypertension (PH) is a prevalent
comorbid condition that significantly
worsens morbidity andmortality in patients
with various disorders. Although five classes
of drugs have been approved for treating
patients with PH, they can alleviate
symptoms but do not prevent or reverse the
causative pathology (1). It is therefore
necessary to explore new strategies for treating
PH.Metabolic andmitochondrial
reprogramming are increasingly recognized as
central drivers of the pathogenesis of the
dysregulated vascular cell phenotype and right
ventricular dysfunction in PH (2–9). Many
PH-initiating factors, including transcription
factors (e.g., HIF [hypoxia-induced factor]
[10]), cytokines (e.g., complement [11], ILs
[12]), growth factors (e.g., TGF-b
[transforming growth factor-b] [13]), and
epigenetic regulators (14, 15), have all been
reported to affect mitochondrial function and
metabolism of pulmonary vascular cells. In
return, abnormal metabolites play an
important role in sustaining functional
abnormalities of PH cells, including aberrant
proliferation, apoptosis, inflammation, and
chromatin (7, 14, 16). Normalizing the
metabolic status andmitochondrial function
is a proposed effective PH treatment strategy.
However, the underlyingmechanisms that
causemitochondrial dysfunction in PH and
specific treatments targetingmitochondria are
still unknown.

We previously showed that persistently
activated PH pulmonary artery adventitial
fibroblasts (PH-Fibs), both from patients
with PH and from hypoxia-induced PH
calves, exhibit altered mitochondrial
metabolism with increased pyruvate
dehydrogenase (PDH) phosphorylation,
decreased mitochondrial energy production,
increased mitochondrial fragmentation, and
complex I deficiency (NDUFS4 [NADH:
ubiquinone oxidoreductase subunit S4])
(3, 5, 17). Notably, these significant

mitochondrial alterations cannot be
recapitulated in vitrowhen pulmonary artery
adventitial fibroblasts from control lungs
(CO-Fibs) are exposed to hypoxia, suggesting
that the establishment of these distinct,
mitochondrial metabolism-driven alterations
in PH-Fibs requires multiple signals and that
hypoxia/HIF activation is not sufficient (5).
Dichloroacetate (DCA), a PDH kinase
inhibitor that increases the entry of pyruvate
to mitochondria, has been shown to reverse
hypoxia-induced mitochondrial
abnormalities and induce pulmonary artery
smooth muscle cell (PASMC) apoptosis in a
monocrotaline-induced pulmonary arterial
hypertension (PAH) rat model (5, 18).
However, although DCA treatment
decreased the inhibition of PDH and
suppressed cell proliferation in PH-Fibs, it
did not increase mitochondrial respiration or
oxygen consumption, indicating continued
complex I dysfunction and persistent
mitochondrial and cytosolic reactive oxygen
species (ROS) production (5). Furthermore,
a clinical trial also showed a lack of response
to DCA in the subgroup of patients with
idiopathic PAH (IPAH) with SIRT3
(sirtuin 3) polymorphisms (19). These
studies indicate the involvement of SIRT3 in
mitochondrial dysfunction in PH.

SIRT3 is amember of the sirtuin family,
including SIRT1–7, and requires nicotinamide
adenine dinucleotide (NAD1) as a cofactor
for its enzymatic activity. SIRT3 acts as the
primarymitochondrial deacetylase that
decreases the acetylation and consequently
increases the activities of most, if not all,
mitochondrial proteins involved in the
tricarboxylic acid cycle (GDH [glutamate
dehydrogenase], SDH [succinate
dehydrogenase], IDH2 [isocitrate
dehydrogenase (NADP1) 2]), oxidative
phosphorylation (OXPHOS), fatty acid
oxidation (long-chain acyl–coenzyme A
dehydrogenase), and ROSmanagement
(mitochondrial superoxide dismutase
[MnSOD2]) (20, 21). Decreased activity of
SIRT3 has been reported in various disease
conditions, including PH (22–24), affecting
the phenotypes of multiple cell types (23,
25–29). SIRT3 was downregulated in the lung
tissues of rats with acute pulmonary
embolism, and activation of SIRT3 attenuated
the loss in lung function, ameliorated
inflammatory response and oxidative damage,
and inhibited apoptosis in lung tissues (30).
Loss of Sirt3 function in rodent and human
PASMCs ameliorates mitochondrial function
and promotes the development of PAH in

rodents and humans (23). Interestingly, loss-
of-function SIRT3 polymorphisms have also
been shown to be a reason why DCA is not
effective in treating some patients with PH
(19). These data indicate the importance of
SIRT3 in regulatingmitochondrial-involved
metabolism and pulmonary vascular cell
functions. Pulmonary artery adventitial
fibroblasts are highly proliferative, apoptosis
resistant, and proinflammatory (2–5, 17).
However, the role of SIRT3 in pulmonary
artery adventitial fibroblasts is unclear.
Therefore, in this study, we tested the
hypothesis that SIRT3 activity is decreased in
PH-Fibs and that restoring its activity can
reducemitochondrial protein acetylation,
improve mitochondrial function, and inhibit
the proliferation of adventitial fibroblasts
in PH.

Methods

Detailed methods are provided in the data
supplement.

Results

SIRT3 Expression and Activity were
Downregulated in PH Lungs
To determine whether there are differences
in SIRT3 protein concentrations in the lung
tissues between control and hypoxia-induced
PH calves, we collected lung protein lysates
from the distal part of the left caudal lobes
and performed western blot analysis. It has
been reported that SIRT3 has two isoforms: a
full-length form that is cleaved within
mitochondria by matrix metalloprotease to a
28-kD short form. The long isoform is
localized to mitochondria, cytoplasm, and
nucleus, and the short isoform is localized to
mitochondria (31). We observed two bands
of SIRT3 protein on western blot analysis.
The full-length (upper band/b-actin) SIRT3
protein concentrations were significantly
decreased in bovine PH lungs compared with
control lungs, while the mitochondrial forms
(lower band/b-actin) of SIRT3 showed a
trend toward decrease that did not reach
statistical significance (P=0.06). The overall
SIRT3 concentrations were significantly
decreased in PH lungs (Figure 1A).

The decreased expression of SIRT3,
a mitochondrial deacetylase, can result in
higher acetylation of its target protein. To
investigate this effect, we conducted
immunohistochemistry (Figure 1B) and

Clinical Relevance

The present study provides novel
information and adds to a better
understanding of the mechanisms
underlying the cell abnormalities
that characterize vascular remodeling
in pulmonary hypertension and
identify potential new therapeutic
strategies.
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western blot (Figure 1C) analyses on lung
specimens from patients with IPAH, young
calves with hypoxia-induced PH, and their
corresponding controls. Specifically, we
examined the acetylation of MnSOD2,
a target of SIRT3, using an antibody that is
specific for lysine 68 acetylation (acK68) of
SOD2 (superoxide dismutase 2). We found
that the staining of SOD2-acK68 was
increased in the pulmonary arteries of
patients with IPAH and bovine PH lung
sections compared with controls, though
there were variations in expression across
different vessels (Figure 1B). Although the
western blot analysis showed a trend toward
increased acetylated SOD2 expression in
bovine PH lung tissues, it did not reach
statistical significance (P=0.07) (Figure 1C).
Finally, we examinedMnSOD activity in
bovine lung tissues and observed a significant
decrease in PH lung tissues (Figure 1D).

Decreased SIRT3 levels and NAD1

Availability Are Observed in PH-Fibs
We used an explantation technique to isolate
pulmonary artery adventitial fibroblast cells
from the lungs of patients with IPAH and
cows with PH (PH-Fibs) and from their
corresponding control lungs (CO-Fibs). We
then quantified the mRNA and protein levels
of SIRT3, as well as its cofactor, NAD1. Our
results showed that both human and bovine
PH-Fibs had significantly lower levels of
SIRT3 mRNA compared with CO-Fibs
(Figures 2A and 2F). Similarly, we observed
significantly decreased protein levels of the
full-length form (upper band/b-actin) and
mitochondrial short form (lower band/
b-actin) of SIRT3 in PH-Fibs, as well as
overall SIRT3 levels, compared with CO-Fibs
(Figures 2B and 2G).We also separated the
mitochondrial and cytosolic compartments
of fibroblasts and performed western blot for

SIRT3 using b-actin as a cytosolic loading
control and COX4 (cytochrome c oxidase
subunit 4) as mitochondrial loading control.
A single band of SIRT3 was observed in
cytosolic andmitochondrial fractions. SIRT3
protein levels were significantly reduced in
both the cytosolic andmitochondrial
fractions of human and bovine PH-Fibs
compared with CO-Fibs (Figures 2C and
2H). We also examinedmRNA levels of
other sirtuin family members and found that
only SIRT3 and SIRT4mRNA expression
was significantly decreased in human and
bovine PH-Fibs
(see Figure E1 in the data supplement).

NAD1 is a cofactor that facilitates the
activity of SIRT3.Wemeasured
concentrations of oxidized form (NAD1)
and reduced form (NADH) in freshly
collected fibroblast samples using an
NAD/NADH colorimetric assay kit and

Figure 1. Lung vasculature in pulmonary hypertension (PH) exhibits decreased SIRT3 (sirtuin 3) protein levels, increased acetylation of
mitochondrial SOD2 (superoxide dismutase 2), and decreased MnSOD (mitochondrial SOD) activity. (A) Lung tissues were collected from
2-week hypoxia-induced PH young calves and age-matched normoxic control (CO) animals. Protein lysates were isolated, and western blot was
performed with an antibody against SIRT3 (n=10). Images show a representative blot for SIRT3 and b-actin. The full-length isoform (upper
band), short-length isoform (lower band), and total SIRT3 protein levels were analyzed as the ratio to b-actin. Data are presented as
mean6SEM; *P, 0.05. (B) IHC staining was performed on lung specimens of hypoxia-induced PH calves, patients with IPAH, and
corresponding COs with an antibody that is specific for K68 acetylation of SOD2 (brown color; n=3 per group; scale bars, 200mm).
(C) Representative western blot images of acetylated MnSOD, total SOD2, and b-actin of bovine PH lungs and CO lungs (n=9). Data were
analyzed as the ratio of acetylated to total SOD2 and are presented as mean6SEM. (D) MnSOD activity of bovine PH and CO lung tissues was
determined using an Invitrogen superoxide dismutase colorimetric assay kit (n=10). Data are presented as mean6SEM; **P,0.01.
adv.=pulmonary artery adventitial layer; CO-Fibs=pulmonary artery adventitial fibroblasts from control lungs; IHC= immunohistochemistry;
IPAH= idiopathic pulmonary arterial hypertension; K68= lysine 68; media=pulmonary artery media layer.
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found that human and bovine PH-Fibs
exhibited significantly decreased NAD1,
increased NADH, and an increased
NADH:NAD1 ratio compared with CO-Fibs
(Figures 2E and 2J).

SIRT3 Deacetylase Activity Is
Decreased in PH-Fibs
To determine if decreased SIRT3 expression
and/or NAD1 concentrations contribute to
the decreased SIRT3 activity, we isolated
mitochondrial proteins from human and
bovine PH-Fibs and CO-Fibs and performed
western blot to determine the acetylation of
mitochondrial proteins using an antibody
against panacetylated lysine. The results
showed that the overall mitochondrial
proteins from both human and bovine
PH-Fibs (Figure 3A) exhibited significantly
higher acetylation compared with their
controls, indicating decreased SIRT3
deacetylase activity in PH-Fibs.

We examined the acetylation of two
important mitochondrial proteins: MPC1
(mitochondrial pyruvate carrier 1), which
controls the import/uptake of pyruvate
into mitochondria (32), and SOD2, which
regulates ROS production. The acetylation
and function of MPC are reported to be
regulated by the deacetylase activity of
SIRT3 (33). As there is no antibody to
directly determine the acetylation of MPC,
we first pulled down MPC1 protein in
whole-cell lysates using an MPC1
antibody and IgG beads and then
determined the acetylation of MPC1
protein using an antibody against
panacetylation in western blot analysis of
precipitated MPC1 protein. The results
demonstrated that the levels of acetylated
MPC1 were increased in human PH-Fibs
(P = 0.08) and significantly increased in
bovine PH-Fibs compared with CO-Fibs
(Figure 3B). The acetylation of MnSOD
(MnSOD-acK68) were significantly

increased in western blot analysis
(Figure 3C), and colorimetric activity
analysis showed that MnSOD activity was
decreased in both human and bovine
PH-Fibs compared with CO-Fibs
(Figure 3D).

We also examined the mRNA and
protein concentrations of MPC1/2 in
CO-Fibs and PH-Fibs and found that both
human and bovine PH-Fibs had significantly
decreasedMPC1/2 mRNA levels compared
with CO-Fibs. Human PH-Fibs also showed
significantly decreasedMPC2 protein
expression and a nonsignificant (P=0.08)
decrease in MPC1 protein expression, while
bovine PH-Fibs showed significantly
decreasedMPC1 protein expression. No
MPC2 antibody for bovine species is
available (see Figure E2).

In summary, these studies demonstrate
that PH-Fibs exhibit reduced levels of SIRT3
and its cofactor NAD1 as well as attenuated
SIRT3 activity.

Figure 2. Pulmonary artery adventitial fibroblast cells isolated from lung pulmonary arteries dissected from patients with IPAH and bovine PH
(PH-Fibs) exhibit decreased SIRT3 levels as well as decreased SIRT3 cofactor NAD1. PH-Fibs and CO-Fibs were isolated using an explantation
technique. (A–D and F–I) mRNA (A and F), whole-cell protein lysate (B and G), mitochondrial (C and H), and cytosolic compartment (D and I)
were isolated (human, upper panel; bovine, lower panel), and real-time quantitative PCR (A and F) and western blots (B–D, and G–I) were
performed to determine SIRT3 expression. B-actin was used as loading control for whole-cell and cytosolic lysates, and COX4 was used as
loading control for mitochondrial lysates. Representative western blot images are shown, and data are presented as mean6SEM; *P, 0.05,
**P,0.01, ***P, 0.001, and ****P, 0.0001. (E and J) NAD1 and NADH concentrations and NADH:NAD1 ratio were measured and calculated
with freshly collected human and bovine PH-Fibs and CO-Fibs using an NAD/NADH colorimetric assay kit. Data are presented as mean6SEM;
*P, 0.05 and **P, 0.01. COX4=cytochrome c oxidase subunit 4; HPRT=hypoxanthine phosphoribosyltransferase; NAD1=nicotinamide
adenine dinucleotide; NADH=nicotinamide adenine dinucleotide reduced.
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Restoration of SIRT3 and NAD1

Decreases Mitochondrial Protein
Acetylation and Increases MnSOD
Activity in PH-Fibs
We aimed to investigate whether restoring
SIRT3 expression could affect mitochondrial
protein acetylation. To achieve this, we
overexpressed SIRT3 in PH-Fibs with
plasmid transfection, supplemented cells
with SIRT3 cofactor NAD1, or both. The
effects of plasmid transfection on SIRT3
protein expression are shown in Figure E3.
Then, using an antibody against
panacetylation, we performed western blots
on isolated mitochondrial proteins from
CO-Fibs, PH-Fibs, PH-Fibs with SIRT3
transfection, PH-Fibs with SIRT3
transfection plus NAD1 supplementation,
and PH-Fibs with NAD1 supplementation
alone. We found that in human and bovine
PH-Fibs, SIRT3 overexpression alone caused
a decrease in mitochondrial protein
acetylation, although this was not statistically

significant. However, adding NAD1 further
reduced mitochondrial protein acetylation
(Figure 4A, lane 4), leading to a significant
decrease in mitochondrial protein acetylation
compared with untreated PH-Fibs (even
though it is not statistically different from
SIRT3 transfection alone), to a degree similar
to that in CO-Fibs.

We then examined the effect of SIRT3
overexpression and NAD1 supplementation
on the acetylation of MPC1 and the activity
of MnSOD.We found that SIRT3
overexpression decreasedMPC1 acetylation
(P=0.07) and that NAD1 supplementation
significantly (P=0.049) decreasedMPC1
acetylation, and the combination of SIRT3
plasmid and NAD1 supplement further
decreased the acetylation of MPC1
(P=0.017) in bovine PH-Fibs (Figure 4B)
and significantly increased the activity of
MnSOD (Figure 4C).

There are three members of the sirtuin
family in mitochondria: SIRT3, SIRT4, and

SIRT5 (34). Even though SIRT3 is the major
mitochondrial deacetylase, we explored the
possibility that the decreased mitochondrial
protein acetylation observed after
overexpressing SIRT3 could involve the
deacetylase activity of SIRT4 and/or SIRT5.
Therefore, we determined the mRNA levels
of SIRT4 and SIRT5 in PH-Fibs transfected
with SIRT3 plasmid and found that
manipulating SIRT3 did not affect mRNA
concentrations of SIRT4 and SIRT5 in
PH-Fibs (see Figure E4). This result suggests
that the decrease in mitochondrial protein
acetylation is due mainly to increased SIRT3
levels rather than SIRT4 or SIRT5.

Restoration of SIRT3 and NAD1

Improves Mitochondrial Function in
PH-Fibs
Our data thus far indicate that the activity of
mitochondrial deacetylase SIRT3 is
downregulated in PH-Fibs and PH lungs; in
particular, the acetylation of MPC1 and

Figure 3. Decreased SIRT3 activity in PH-Fibs is detected by increased mitochondrial protein panacetylation, increased MPC1 (mitochondrial
pyruvate carrier 1) and MnSOD acetylation, and decreased MnSOD activity. (A) Mitochondrial proteins were extracted from PH-Fibs and
CO-Fibs. Western blot analysis was performed using an antibody against acetylated lysine (panacetylation). COX4 was used as the
mitochondrial loading control. Representative images are shown. Densitometry data were calculated as all acetylated proteins/COX4 and are
shown as mean6SEM (n=4or 5); *P, 0.05. (B) IP was performed to determine the degree of acetylation of SIRT3-specific target MPC1 on
bovine CO-Fibs and PH-Fibs. Protein lysates were first pulled down with MPC1 antibody, followed by western blot to determine the degree of
acetylation of MPC1. Data are shown as mean6SEM (n=3); *P, 0.05. (C) Western blot was performed on human (n=4) and bovine (n=6–8)
PH-Fibs and CO-Fibs with antibodies specific for K68 acetylation of SOD2 or total SOD2. Densitometry data were calculated as acetylated/total
SOD2 and are shown as mean6SEM; *P, 0.05. (D) MnSOD activity of human (n=6or 7) and bovine (n=5) PH-Fibs and CO-Fibs was
determined using an Invitrogen superoxide dismutase colorimetric assay kit. Data are presented as mean6SEM; *P,0.05 and **P, 0.01.
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MnSODwas increased. This led to an
examination of the metabolic state and
mitochondrial respiration in control and
PH-Fibs, as well as the role of SIRT3 in
regulating metabolism. Respirometry
analysis revealed that both human (Figure
5A) and bovine (Figure 5B) PH-Fibs
exhibited significantly increased glycolytic
capacity (extracellular acidification rate
[ECAR]) and inhibited mitochondrial
respiratory activity with significantly
decreased maximal respiration capacity and
suppressed mitochondrial OXPHOS (Figures
5A and 5B). Overexpression of SIRT3 with
plasmid or increasing NAD1 availability
alone did not show significant effects on
human and bovine fibroblast metabolism,
with the exception that SIRT3 plasmid
significantly reduced bovine PH-Fib
glycolysis (Figure 5B), and the combination
of SIRT3 overexpression and NAD1

supplementation synergistically and

significantly decreased glycolytic capacity
and increased mitochondrial maximal
respiration and mitochondrial OXPHOS to
degrees similar to CO-Fibs (Figures 5A
and 5B). In general, the combination of
SIRT3 plasmid with NAD1 supplementation
was the most effective in regulating
metabolism in both human and bovine
PH-Fibs.

NAD and flavin adenine dinucleotide
(FAD) are two metabolic coenzymes that
play important roles in cellular oxidation and
reduction. We used fluorescence-lifetime
image microscopy (FLIM), as a
complementary method, to examine the
dynamics of these fluorescent molecules in
CO-Fibs and PH-Fibs and in response to
SIRT3 overexpression and NAD1

supplementation. The fractions of free and
enzyme-bound NADH and FADwere
measured on the basis of their different
lifetimes when these molecules were reduced

or oxidized. The glycolytic index (the ratio of
free to enzyme-bound NADH) and the
fluorescence-lifetime redox ratio (FLIRR; the
ratio of enzyme-bound NADH to enzyme-
bound FAD) were calculated to estimate
their respective glycolytic and OXPHOS
contributions to the metabolic balance
in cells.

Quantifying the metabolic ratios
revealed that in human PH-Fibs (Figure 5C),
SIRT3 overexpression significantly
decreased the glycolytic index, making it
comparable with that of CO-Fibs. In
addition, FLIRR (OXPHOS) activity was
significantly increased, indicating improved
mitochondrial activity. SIRT3 also
significantly increased free FAD percentage,
indicating increased electron transport chain
activity. The combination of SIRT3 plasmid
and NAD1 supplementation further slightly,
but not significantly, decreased the glycolytic
index. In bovine PH-Fibs (Figure 5D),

Figure 4. Overexpression of SIRT3 and supplementation with NAD1 decreased mitochondrial protein acetylation and increased MnSOD activity
in PH-Fibs. (A) Human (n=6) and bovine (n=4) PH-Fibs were transfected with SIRT3 plasmid to overexpress SIRT3 in the presence or absence
of NAD1 supplement or left untransfected (UNX). Mitochondrial protein lysates were extracted, and a western blot was performed with an
antibody against panacetylation. COX4 was used as the mitochondrial loading control. Representative western blots are shown, and data are
presented as mean6SEM. *P,0.05, **P, 0.01. Lane 1, CO-Fibs; lane 2, PH-Fibs UNX; lane 3, PH-Fibs transfected with SIRT3; lane 4, PH-Fibs
plus SIRT3 plus NAD1; lane 5, PH-Fibs plus NAD1. (B) IP was performed to determine the effect of SIRT3 overexpression and NAD1

supplementation on MPC1 acetylation in bovine PH-Fibs (n=3). Protein lysates were first pulled down with MPC1 antibody, followed by western
blot with an antibody against acetylation. Data shown as mean6SEM. *P, 0.05. (C) The effects of SIRT3 plasmid transfection and NAD1

supplementation on MnSOD activity in human and bovine (n=4) PH-Fibs were determined using an Invitrogen superoxide dismutase
colorimetric assay kit. Data are presented as mean6SEM; *P, 0.05.
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SIRT3 overexpression also significantly
decreased the glycolytic index, bringing it to
a value similar to that of CO-Fibs. Although
FLIRR (OXPHOS) in bovine PH-Fibs also
demonstrated a significant improvement, it
did not reach the same degree as in CO-Fibs,
and the free FAD percentage was not
improved with SIRT3 transfection. Unlike in
adult human cells, NAD1 supplementation
alone did not affect the metabolic activity,
and no synergetic effect was observed
with SIRT3 transfection in PH-Fibs from
young calves. This discrepancy may be
due to species differences or a greater
shortage of NAD1 in bovine PH-Fibs
(Figure 1J) compared with human PH-Fibs
(Figure 1E).

One of the advantages of FLIM is that it
indicates signal distribution within cells. The
FLIMmap images (Figure 5C and 5D)
showed that at basal condition, glycolysis
(free [yellow] and bound [purple] NADH)
and OXPHOS (bound NADH [purple] and
bound FAD [yellow]) activities were

distributed evenly throughout both
human and bovine CO-Fibs. PH-Fibs,
however, showedmore free NADH
(yellow) andmore bound FAD (yellow)
compared with CO-Fibs. After treatment,
both human and bovine cells exhibited
compartment-separated metabolic
activities, with some glycolysis remaining
around the nucleus (free NADH, yellow) and
increased OXPHOS (bound NADH, purple)
observed in the periphery of the cells,
revealing a proportional shift from glycolysis
toward OXPHOS. Supplementation with
NAD1 and SIRT3 transfection further
increased the proportion of OXPHOS to
glycolysis.

SIRT3 and NAD1 Regulate
Proliferation and Apoptosis in
PH-Fibs
We previously demonstrated that PH-Fibs
exhibit highly proliferative and apoptosis-
resistant phenotypes (3, 35). This is
consistent with the well-known phenomenon

that mitochondrial abnormalities can
enhance proliferation while hindering
apoptosis in most vascular cells, including
endothelial cells, smooth muscle cells, and
fibroblasts (36). Thus, we investigated the
impact of overexpressing SIRT3 and
increasing NAD1 concentrations on the
proliferation properties of PH-Fibs. Our
findings using CyQUANT analysis
(invitrogen) and annexin V–FITC apoptosis
staining revealed that SIRT3 and NAD1

acted in synergy to inhibit the proliferation
of both human and bovine PH-Fibs
(Figures 6A and 6B) and induce PH-Fib
apoptosis (Figure 6C). Moreover, we
explored the effects of SIRT3 overexpression
and NAD1 supplementation on the
expression of genes associated with cell
proliferation and apoptosis. We found
that in human PH-Fibs, SIRT3
overexpression decreased the expression of
proproliferative genes (CCND3 [cyclin D3],
Mki67 [marker of proliferation Ki-67]),
decreased the expression of antiapoptotic

Figure 5. Respiratory analysis and FLIM demonstrated that overexpressing (OE) SIRT3 and supplementation with NAD1 decreased glycolysis
and increased mitochondrial maximal respiration and oxidative phosphorylation (OXPHOS) in PH-Fibs. (A and B) Glycolytic capacity (ECAR),
mitochondrial maximal respiration, and mitochondrial OXPHOS (state 3/4) were measured using respirometry analysis on the following cells:
human (A) and bovine (B) CO-Fibs, PH-Fibs, and PH-Fibs transfected with SIRT3 plasmid with or without NAD1 supplementation or with NAD1

supplementation alone. The results showed that glycolytic capacity was increased and mitochondrial function was impaired in human and
bovine PH-Fibs. OE SIRT3 and supplementation with NAD1 improved mitochondrial functions and decreased glycolysis in PH-Fibs. Data are
shown as mean6SEM. *P,0.05, **P, 0.01, ***P,0.001, and ****P, 0.0001. (C and D) Intracellular metabolic changes in human (C) and
bovine (D) CO-Fibs, PH-Fibs, and PH-Fibs transfected with SIRT3 plasmid with or without NAD1 supplementation or with NAD1 supplementation
alone were examined using FLIM. Top: NADH (yellow, free NADH; purple, enzyme-bound NADH) maps are shown. Bottom: flavin adenine
dinucleotide (FAD) (purple, free FAD; yellow, enzyme-bound FAD) maps are shown. Glycolytic index (free NADH fraction/enzyme-bound NADH
fraction), FLIRR (enzyme-bound NADH fraction/enzyme-bound FAD fraction), and free FAD fraction were quantified. Each dot represents a
single cell. Data are expressed as mean6SEM. *P, 0.05, **P,0.01, ***P, 0.001, and ****P,0.0001. ECAR=extracellular acidification rate;
FLIM= fluorescence-lifetime imaging microscopy; FLIRR= fluorescence-lifetime imaging redox ratio.
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genes (Bcl2, Birc5 [baculoviral IAP repeat
containing 5]), and increased the expression
of proapoptosis genes (NOXA [NADPH
oxidase activator], PERP [P53 apoptosis
effector related to PMP22]). NAD1 showed

synergetic effects with the SIRT3 plasmid (see
Figure E5A). Similar outcomes were
observed for bovine PH-Fibs regarding the
impact of SIRT3 overexpression and NAD1

supplementation (see Figure E5B).

The Transcriptional Corepressor
C-Terminal Binding Protein-1 Regu-
lates SIRT3 Expressions in PH-Fibs
To explore the possible reasons for the
downregulated expression of SIRT3 in

Figure 5. (Continued ).
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Figure 6. Overexpression of SIRT3 and supplementation with NAD1 decreased proliferation and induced apoptosis in PH-Fibs. (A and B)
PH-Fibs from (A) patients with IPAH and (B) 2-week hypoxia-induced neonatal PH calves were seeded in 24-well plates in equal numbers and
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PH-Fibs, we aimed to investigate the
regulation of SIRT3 expression in PH, which
has not been extensively studied. Previous
research has indicated that a transcriptional
corepressor, CTBP1 (C-terminal binding
protein 1), binds to the promoter region of
SIRT3 and represses SIRT3 gene expression
in breast cancer (37). In our previous study,
we observed an upregulation of CTBP1 in
PH-Fibs (3). To examine the role of CTBP1
in regulating SIRT3 expression in fibroblasts,
we conducted experiments and found that
knockdown of CTBP1 in both human and
bovine PH-Fibs significantly increased SIRT3
mRNA and protein expression. Conversely,
overexpression of CTBP1 with plasmid in
human and bovine CO-Fibs significantly
decreased SIRT3mRNA expression (see
Figure E6).

The SIRT3 Activator Honokiol
Reduced Mitochondrial Protein
Acetylation, Improved Mitochondrial
Function, and Ameliorated
PH-Fib Phenotype
PH-targeted treatments primarily involve
vasodilators, but none of them, either alone
or in combination, is curative. Thus,
exploring molecular targets in other
pathways, such as mitochondrial
dysfunction, is crucial for developing
effective therapies. In this study, we used a
small molecule, honokiol, to investigate the
clinical relevance of manipulating SIRT3 in
regulating PH fibroblast mitochondrial
function and phenotype, a role that has never
been reported in pulmonary fibroblasts. We
first tested different doses of honokiol (5, 10,
20, and 30 μM) and confirmed that honokiol
induces SIRT3 protein expression in
adventitial fibroblasts, which is consistent
with findings in cancer cells reported by
other researchers. Representative dose and
blots are shown in Figure E7A. On the basis
of the western blot results, we treated human
and bovine PH-Fibs with honokiol (20 μM)
and demonstrated that honokiol decreased
PH-Fib mitochondrial protein acetylation
(see Figure E7B). Finally, we analyzed the

functional phenotypes of human and bovine
PH-Fibs with treatment with honokiol (20
μM) alone, NAD1 alone, or the combination
of honokiol and NAD1 for 3days. We
analyzedMnSOD activity, metabolic status,
and cell proliferation. The results showed
that honokiol alone increasedMnSOD
activity in human (P=0.055), and bovine
(P, 0.01) PH-Fibs, and honokiol in
combination with NAD1 significantly
increasedMnSOD activity in both human
and bovine PH-Fibs (Figures 7A and 7D).
Respiratory analysis demonstrated that the
combination of honokiol and NAD1 was
most effective in increasing mitochondrial
OXPHOS and mitochondrial maximal
respiration in both human and bovine
PH-Fibs (Figures 7B and 7E). The
proliferation assay showed that honokiol
significantly inhibited PH-Fib proliferation,
and NAD1 plus honokiol further attenuated
PH-Fib proliferation (Figures 7C and 7F).

Discussion

PH is a common condition that significantly
worsens outcomes in patients with a variety
of cardiopulmonary disorders. Current
treatments, developed primarily for their
vasodilating effects, do not reverse the
underlying pathology. There is thus intensive
investigation aimed at determining
underlying contributing factors. Significant
evidence supports the idea that metabolic
andmitochondrial reprogramming could be
significant contributors to the development
and perpetuation of PH, but the specific
mechanisms causing mitochondrial
dysfunction are unknown. Mitochondria are
central to cellular activities. They perform
crucial cellular reactions, including the
production of energy through the
mitochondrial respiratory chain, regulation
of cell death, calciummetabolism, and the
production of ROS (6–9, 16). Many cellular
functions rely on intact mitochondrial
metabolism, and any dysfunction can have
significant effects on cellular and tissue

function. Thus, there is intense interest in
developing strategies to restore
mitochondrial function. Currently,
mitochondrial-specific therapies include
drugs targeting different metabolic pathways.
These include DCA, an inhibitor of PDH
kinase (19, 38); trimetazidine and ranolazine,
which decrease long-chain fatty acid
oxidation; and vitamin E (39) and coenzyme
Q (40) to improve redox balance. However,
different patients respond differently to these
treatments. For example, a subset of patients
who have loss-of-function genetic
polymorphisms in SIRT3 and UCP2
(uncoupling protein 2) do not respond to
DCA treatment (19). A better understanding
of the underlying mechanisms of
mitochondrial dysfunction in cells
contributing to the pathophysiology of PH is
thus needed.

In this study, we investigated the role of
SIRT3 dysfunction in PH and its
contribution to mitochondrial dysfunction.
We found the following results. First, in
bovine PH lungs, SIRT3 protein expression is
decreased; the acetylation of the SIRT3
target, MnSOD, is increased; andMnSOD
activity is decreased compared with
CO-lungs, indicating the decreased
deacetylase activity of SIRT3.

Second, in human and bovine PH-Fibs,
the mRNA and protein concentrations of
SIRT3, and its cofactor NAD1, are decreased
compared with CO-Fibs. Third, the general
acetylation of isolated mitochondrial protein
is increased in human and bovine PH-Fibs,
particularly the acetylation of the SIRT3-
specific targets MPC1 andMnSOD. In
addition, the MnSOD activity is increased in
PH-Fibs.

Fourth, overexpressing SIRT3 with a
plasmid and in conjunction with NAD1

supplementation decreasedmitochondrial
protein acetylation, restoredMnSOD activity,
decreased glycolysis, improvedmitochondrial
function, inhibited proliferation, and induced
apoptosis of PH-Fibs.

Fifth, treatment with honokiol, a small-
molecule SIRT3 activator, resulted in similar

Figure 6. (Continued ). were transfected with plasmid to overexpress SIRT3 in the presence or absence of NAD1 for 72 hours or supplemented
with NAD1 alone. Plates were collected daily, stored at 280 �C, and analyzed for cell proliferation using CyQUANT methods. Data were
analyzed using two-way ANOVA and multiple comparisons. Data are presented as fold change relative to Day 0 and presented as mean6SEM.
The P values for each pair of comparisons are shown in the table below the corresponding graphs. *P,0.05, **P, 0.01, ***P,0.001, and
****P,0.0001 compared with untreated within the same day. (C) The apoptosis assay was performed with bovine fibroblast cells and measured
using annexin V–FITC/PI labeling in flow cytometry. PH-Fibs have a significantly lower percentage of apoptotic cells compared with CO-Fibs,
and overexpressing SIRT3 plus NAD1 supplementation synergistically induced cell apoptosis in PH-Fibs. *P, 0.05 and **P,0.01.
PI =propidium iodide.
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effects as the SIRT3 plasmid and reduced
mitochondrial protein acetylation. Honokiol
together with NAD1 improved
mitochondrial function and inhibited the
proliferation of PH-Fibs.

Studies from other groups have also
provided evidence regarding the role of
SIRT3 in regulating metabolism and the
development of PH. It was demonstrated that
monocrotaline-induced PAH is associated
with energetic dysfunction in the right heart,
and SIRT3 activation exerted cardiomyocyte
protective effects (22). TheMichelakis group
demonstrated that heterozygous and
homozygous SIRT3 depleted mice
spontaneously developed pulmonary vascular
lesions, PH, andmetabolic dysfunction (23).
Zhang and colleagues reported that in a
prospective cohort of 60 patients with PAH,
nearly 70% carried an SNP on at least one
SIRT3 or UCP2 allele (41). The traditional
Chinese medicine compound shufeiya recipe
was reported to improve monocrotaline-
induced PH in rats by regulating
SIRT3/FOXO3a (forkhead box O3a),
downregulating serum concentrations of
ROS, and upregulating the activity of

MnSOD (42). Paulin and colleagues nicely
demonstrated that SIRT3 was downregulated
in human and rodent PASMCs and
demonstrated an important role of SIRT3 in
regulating metabolism, PDH inhibition, and
NFAT–HIF1a–STAT3 (signal transducer and
activator of transcription 3) activation of
PASMCs using wild-type and SIRT3-
knockout mice (129/Sv strain). They showed
that loss of function of SIRT3 promoted
PAH, and adenoviruses carrying SIRT3
treatment protected against PAH
development in a rat model (23). On the
other hand,Waypa and colleagues studied the
role of SIRT3 in PASMCs using wild-type or
SIRT3/knockout mice (C57BL/6 background)
and found that the absence of SIRT3 in
PASMCs had no effect on acute
hypoxia–induced changes in ROS or calcium
signaling. SIRT3 depletion was not associated
with an increase in HIF1a stabilization in
hypoxia and did not augment chronic
hypoxia–induced PH (43). The contrasting
results of these two studies may be due to the
strains of mice used (129/Sv vs. C57BL/6) and
the methods used to assess mitochondrial
function: mass spectrometry for metabolite

analysis, mitochondrial staining, and
mitochondrial membrane potential
measurements in the Paulin and colleagues’
study (23) versus the biosensor redox-
sensitive GFP in that ofWaypa and
colleagues (43). In our study, we used a
completely different animal model: hypoxia-
induced PH in young calves. The cell type
analyzed in this study is also different.We
focused on pulmonary artery adventitial
fibroblasts from bovine hypoxia-induced PH
and patients with IPAH.We previously
demonstrated dramatic remodeling in the
perivascular/adventitial area of the
pulmonary artery in PH, closely similar to
what we observed in human patients, as well
as the significant role of adventitial fibroblasts
in the pathogenesis of PH (2, 35, 44).

In this study, we used two different
methods to determine cell metabolism:
respiratory analysis and FLIM. Respiratory
analysis is a technique used to measure the
metabolic function of cells in real-time. It
measures the oxygen consumption rate and
ECAR of cells in response to different
conditions or treatments and provides
information on the energy production and

Figure 7. Honokiol (HKL) and NAD1 synergistically increased MnSOD activity, increased mitochondrial oxidative phosphorylation and maximal
respiration, and inhibited proliferation in PH-Fibs. (A and D) The effects of honokiol (20 mM, 72h) and NAD1 supplementation on MnSOD activity
of human (A) and bovine (D) PH-Fibs were determined using an Invitrogen superoxide dismutase colorimetric assay kit. Data are presented as
mean6SEM; *P, 0.05 and **P,0.01. (B and E) Glycolytic capacity (ECAR), mitochondrial maximal respiration, and mitochondrial oxidative
phosphorylation (state 3/4) were measured using respirometry analysis on human (B) and bovine (E) PH-Fibs and PH-Fibs treated with honokiol,
NAD1 supplementation, or the combination of honokiol and NAD1. The results indicated that the combination of honokiol and NAD1

synergistically decreased glycolysis and increased mitochondrial oxidative phosphorylation and maximal respiration in both human and bovine
PH-Fibs. Data are shown as mean6SEM. *P,0.05, **P, 0.01, ***P,0.001, and ****P, 0.0001. (C and F) Human (C) and bovine (F) PH-Fibs
were seeded in 24-well plated with equal numbers and were treated with honokiol (20 mM), NAD1 (500mM), or the combination of honokiol and
NAD1 for 3 days. Plates were collected daily, stored at 280 �C, and analyzed for cell proliferation using CyQUANT methods. Data were
analyzed using two-way ANOVA and multiple comparisons. Data are presented as fold change relative to Day 0, compared with untreated
within the same day, and expressed as mean6SEM. *P, 0.05, **P,0.01, ***P, 0.001, and ****P,0.0001.
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glycolytic activity of the cells. FLIM is used to
study the dynamics of fluorescent molecules
in cells. It involves the measurement of the
fluorescence lifetime, which is the time
required for a fluorescent molecule to decay
from its excited state to its ground state. In
this study, both respiratory analysis and
FLIM detected increased glycolysis and
decreased mitochondrial respiration of
PH-Fibs at basal levels compared with
CO-Fibs. FLIM demonstrated that the
combination of SIRT3 overexpression and
NAD1 supplementation significantly
decreased the glycolytic index and restored
OXPHOS as well as electron transport chain
activity to the degree of CO-Fibs. However,
we did not observe significant synergetic
effects, as measured using respiratory
analysis. This may be due to the subtle
differences in the principles of the two
methods used to calculate metabolic state.
Glycolytic capacity (ECAR) in respiratory
analysis does not necessarily represent
glycolytic index by FLIM (the ratio of free to
bound NADH).

Immunohistochemistry staining of
MnSOD2-acK68 (Figure 3) confirmed the
upregulation of MnSOD2 acetylation in the
pulmonary vascular wall, indicating that
fibroblasts may not be the only cell type
whose acetylation is regulated by SIRT3. It
is possible that mitochondrial protein
acetylation and the mitochondrial function
of endothelial cells and smooth muscle cells
may also be affected by the downregulated
SIRT3 activity in PH. Further studies are
needed to explore this possibility.

The sirtuin deacetylation reaction
involves the removal of an acetyl group from
target substrates via the conversion of NAD1

to nicotinamide and O-acetyl-ADP-ribose
(45). NAD1 has been detected in the
cytoplasm, nucleus, andmitochondria of

cells, with its highest concentration in
mitochondria (46). The ratio of the oxidized
and reduced forms of NAD1 (NAD1:
NADH) is essential for maintaining cellular
redox homeostasis and modulating energy
metabolism. NAD1 is also a cofactor for
poly-ADP-ribose polymerases, sirtuins, and
CD38/157 ectoenzymes, which function as
essential components of cellular processes
(47). A consensus is emerging that NAD1

concentrations decline at the cellular,
tissue/organ, and organismal levels during
the aging process (48). As downstream
effectors, NAD-dependent enzymes such as
sirtuins are involved in the pathophysiology
of multiple diseases. Small-molecule
activators of sirtuins and NAD1 boosters
have shown promising cardiometabolic
effects in animal models and are well
tolerated in healthy volunteers (49).
Supplementing NAD intermediates, such as
nicotinamide mononucleotide and
nicotinamide riboside (vitamin B3), provides
proof of concept for the development of an
effective metabolic intervention. The data
from this study strongly support the
synergistic effects of SIRT3 and NAD1 in
decreasing mitochondrial protein acetylation,
leading to improved mitochondrial function
in PH-Fibs.

It remains unclear what causes the
decreased concentrations of SIRT3 in
fibroblasts in PH. Several studies have shown
that the degree of deacetylation of SIRT3 is
closely related to the cellular metabolic state
and can change with the nutritional state of
the cell. PGC-1a (peroxisome proliferator–
activated receptor-g coactivator-1a) has been
identified as a key regulator of SIRT3
induction inmuscle cells, hepatocytes, and
brown adipocytes (50, 51). SIRT3 expression
can be regulated by the profibrotic cytokine
TGF-b1 in fibroblasts in patients with

idiopathic pulmonary fibrosis (28). Kwon and
colleagues noted that low concentrations of
SIRT1 could indirectly lead to high acetylation
and decreased activity of SIRT3, affecting the
deacetylation of mitochondrial proteins (52).
Furthermore, it has also been reported that
micro-RNAs and long noncoding RNAs are
involved in the regulation of SIRT3 expression
(21). In the present study, we demonstrated
the novel finding that a metabolic sensor and
transcriptional corepressor, CTBP1, which is
dimerized and activated when the cellular free
NADH is increased, plays a role in regulating
SIRT3mRNA and protein expression in
fibroblasts. However, CTBP1 per sewas not
sufficient to affect mitochondrial protein
deacetylation (data not shown).

Conclusions
The data from this study establish a
causative link between reduced SIRT3
deacetylase activity and mitochondrial
dysfunction in adventitial fibroblasts in PH.
The important and novel findings of this
study demonstrate decreased SIRT3
deacetylase activity and increased general
mitochondrial protein acetylation, including
MPC and MnSOD, in patients with IPAH
and bovine PH-Fibs. Restoring SIRT3 and
supplementing NAD1 can normalize
metabolism and cell phenotype. These
results provide valuable insights into the
mechanisms of mitochondrial dysfunction
and may aid in the development of better
personalized treatments for selected patients
with PH. �
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