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Abstract

Background: Pulmonary hypertension (PH) is a major complication linked to adverse outcomes 

in heart failure with preserved ejection fraction (HFpEF), yet no specific therapies exist for PH 

associated with HFpEF (PH-HFpEF). We have recently reported on the role of skeletal muscle 

sirtuin-3 (SIRT3) in modulation of PH-HFpEF, suggesting a novel endocrine signaling pathway 

for skeletal muscle modulation of pulmonary vascular remodeling. In this study, we attempted to 

define the processes by which skeletal muscle SIRT3 defects affect pulmonary vascular health in 

PH-HFpEF.

Methods and Results: Notably, skeletal muscle-specific Sirt3 knockout mice (Sirt3skm−/−) 

exhibited reduced pulmonary vascular density accompanied by pulmonary vascular proliferative 

remodeling and elevated pulmonary pressures. Using mass spectrometry-based comparative 

secretome analysis, we demonstrated elevated secretion of lysyl oxidase homolog 2 (LOXL2) 

in SIRT3-deficient skeletal muscle cells. Elevated circulation and protein expression levels of 

LOXL2 were also observed in plasma and skeletal muscle of Sirt3skm−/− mice, rat model 

of PH-HFpEF, and in humans with PH-HFpEF. Additionally, expression levels of canopy 

fibroblast growth factor signaling regulator 2 (CNPY2), a known proliferative and angiogenic 

factor, were increased in pulmonary artery endothelial cells (PAECs) and pulmonary artery 

smooth muscle cells (PASMCs) of Sirt3skm−/− mice and animal models of PH-HFpEF. CNPY2 

levels were also higher in PASMCs of subjects with obesity compared to non-obese subjects. 

Moreover, treatment with recombinant LOXL2 protein promoted PAECs migration/proliferation 

and PASMCs proliferation via regulation of CNPY2-p53 signaling. Finally, skeletal muscle-

specific Loxl2 deletion decreased PAECs and PASMCs expression of CNPY2 and improved 

pulmonary pressures in mice with high-fat diet (HFD)-induced PH-HFpEF.

Conclusions: This study demonstrates a systemic pathogenic impact of skeletal muscle SIRT3 

deficiency in remote pulmonary vascular remodeling and PH-HFpEF. This study suggests a new 

endocrine signaling axis that links skeletal muscle health and SIRT3 deficiency to remote CNPY2 

regulation in the pulmonary vasculature through myokine LOXL2. Our data also identify skeletal 

muscle SIRT3, myokine LOXL2, and CNPY2 as potential targets for the treatment of PH-HFpEF.

Introduction

One-half of approximately six million heart failure patients in the United States are 

estimated to suffer from heart failure with preserved ejection fraction (HFpEF).1,2 

Among those, roughly half (23 to 83%) have pulmonary hypertension (PH, Group 2, 

PH-HFpEF), imposing an economic burden of about 8 billion per annum.3–6 PH-HFpEF 

is a multifactorial syndrome with a range of disease entities (e.g. combined pre- and 
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post-capillary PH; Cpc-PH, isolated post-capillary PH; Ipc-PH, and likely others).7 Obesity, 

diabetes, sedentary lifestyle, and hypertension are commonly observed and, compounded 

by the effects of aging, confer increased risk of PH-HFpEF.3,8–10 Qualitative studies have 

documented that patients with PH-HFpEF develop more severe symptoms than those with 

HFpEF and suffer significant exercise intolerance, frequent hospitalization, and reduced 

survival.8 While many patients with HFpEF develop pathological pulmonary vascular 

remodeling and are at higher risk of death than those without intrinsic pulmonary vascular 

disease, the mechanisms leading to these disproportionate changes in the pulmonary 

vasculature remain unclear.

Studies by our group and others have shown that the metabolic syndrome exacerbates 

PH-HFpEF via impaired nitric oxide (NO)-soluble guanylate cyclase signaling, increased 

epidermal growth factor receptor (EGFR) expression, elevated levels of proinflammatory 

cytokine interleukin-6 (IL-6), and activated signal transducer and activator of transcription 

3 (STAT3)-signaling in the pulmonary vasculature.11–14 Aside from the lung, increased 

expression of natriuretic peptide receptor C (NPRC) and lipid accumulation in the 

right ventricle (RV), as well as enhanced platelet maximal respiratory capacity, have 

been correlated with RV dysfunction in PH-HFpEF.15–17 Elevated circulation levels of 

interleukin-1 beta (IL-1β), endothelin-1 (ET-1), and leptin, an adipokine which is known 

to induce secretion of proinflammatory cytokines and reactive oxygen species (ROS) 

generation, and reduced plasma levels of cardioprotective adipokine adiponectin, have also 

been associated with PH severity in humans and in animal models of PH-HFpEF.11,14,18–

22 Moreover, low plasma levels of cyclic 3’5’ guanosine monophosphate (cGMP), which 

mediates vasodilation, and reduced pulmonary artery (PA) expression of soluble guanylate 

cyclase b1 subunit (sGCβ1), which generates cGMP, were found to be associated with 

increased ROS production and PA dysfunction in SU5416-exposed obese ZSF1 rats (Ob-Su) 

during exercise.23

Growing evidence suggests that pulmonary vascular pathology in PH-HFpEF is 

multifactorial and involves complex systemic alterations contributed by multiple organs, 

such as skeletal muscle, adipose tissue, and kidney.24–27 Defects in skeletal muscle (e.g. 

reduced type I oxidative fibers, impaired mitochondrial function, and insulin resistance) are 

associated with severe exercise intolerance and worsening functional capacity in patients 

with PH-HFpEF.28–30 Using the Ob-Su rat model of PH-HFpEF, we recently reported that 

the level of sirtuin-3 (SIRT3), the mitochondrial deacetylase which is critical for modulating 

metabolic syndrome, PH, and aging,31–33 is decreased predominantly in skeletal muscle, 

but not in the pulmonary vasculature, heart, or liver; concomitant with a robust increase 

in pulmonary pressures and pulmonary vascular remodeling.11 Restoration of SIRT3 in 

skeletal muscle with nitrite (a drug that is metabolized to NO) and metformin (the first-line 

drug for metabolic syndrome) improved disease phenotypes, indicating a critical role of 

skeletal muscle SIRT3 in regulating pulmonary vascular remodeling and PH-HFpEF.11 

However, mechanistic understanding regarding the nature of molecular regulation, with 

respect to skeletal muscle SIRT3 deficiency and remote pulmonary vascular remodeling, 

remains unclear. In this study, using skeletal muscle-specific Sirt3 knockout mice (Sirt3skm−/

−), together with mass spectrometry-based comparative secretome analysis and ex vivo 
precision-cut lung slices (PCLS), a dynamic organ culture system that mimics in vivo lung 
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tissue physiology,34 we explore the mechanistic basis of the cross-organ communications 

and attempt to define the processes by which skeletal muscle SIRT3 defects affect 

pulmonary vascular health in PH-HFpEF.

Material and Methods

All data supporting the findings of this study is available from the corresponding 

author upon a reasonable request. Detailed methods and materials are available in the 

Data Supplement. Methods include generation of PCLS, pulmonary vascular structure 

measurements, cell cultures, mass spectrometry experiments, western blot analysis, 

plasmid construction, cell proliferation and migration assays, ELISA, treatment of β-

aminopropionitrile (BAPN) in rat model of PH-HFpEF, and glucose tolerance test.

Animals

Sirt3-floxed mice (C57BL/6N background) were provided by Dr. Johan Auwerx and were 

crossed with mice expressing Cre recombinase under the control of a human α-skeletal actin 

promoter (HSA-Cre; #006149, C57BL/6 background; The Jackson Laboratory) to obtain 

Sirt3skm−/− mice.35 Loxl2-floxed mice (mixed C57BL/6;FVB background) were provided 

by Dr. Amparo Cano and were crossed with mice expressing Cre recombinase under the 

control of the muscle creatine kinase promoter (MCK-Cre; #006475,C57BL/6 background; 

The Jackson Laboratory) to obtain Loxl2skm−/− mice.36 Beginning at 8 weeks of age, male, 

female, and their littermate wild-type (WT) control mice were randomly fed a high-fat diet 

(HFD; 60% lipids/kcal, #D12492, Research Diets) or regular diet (RD; 10% lipids/kcal, 

#D12450J, Research Diets) for 16 weeks. All experimental procedures were approved by 

Indiana University School of Medicine Institutional Animal Care and Use Committee and 

the University of Pittsburgh Institutional Animal Care and Use Committee. Animal studies 

reported in this article are in compliance with the ARRIVE guidelines. Sample size for 

80% power at a significance level of 0.05 to detect a change in RVSP using power analyses 

suggests n = 7 mice/group (standard deviation of 1.6, effect size of 1.7). In all experiments, 

animals were randomly assigned to control and experimental groups. When measuring 

various parameters or performing assays, the order in which samples were processed or 

analyzed was randomized.

Hemodynamic Measurements

Animals were weighed and anesthetized with isoflurane (5% for induction, 2% during 

surgery, and 1% while performing pressure measurements). Right ventricular systolic 

pressure (RVSP), left ventricular (LV) end-diastolic pressure (LVEDP), and LV ejection 

fraction (LVEF) were measured using an admittance pressure-volume catheter. Weights of 

RV and LV+septum normalized to tibial length were used as indexes of ventricular mass. 

All measurements were performed blinded. Success rates of invasive RVSP and LVEDP 

measurements were 90% and 80%, respectively, across experiments – values typical for this 

level of experimental complexity and the main reason for missing data point. No data was 

excluded during analysis.
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Microcomputed Tomography Angiography

Microcomputed tomography angiography (micro-CT) was performed to evaluate the 

pulmonary vessels in mice. The main PA was cannulated via the RV wall and blood 

was flushed from the lungs with phosphate-buffered saline (PBS, #10010–023, Gibco). 

Then, the lungs were perfused with contrast agent (Liquid Mercox II resin, Ladd Research 

Industries Inc.) including CaCO3 nanoparticle (60 mg/ml). After confirming that the reagent 

was circulated in the entire lungs, the PA and ascending aorta were ligated to secure 

the reagent in the pulmonary vasculature. After solidification of the contrast agent, the 

lungs were removed from the body and fixed in 10% formalin. Fixed lungs were scanned 

using the Siemens Inveon Multimodality micro-CT scanner (Siemens Medical Solutions 

Inc., Knoxville, TN) set to 80 kVp/100 μA, and 3500 msec exposure at 45 μm resolution 

(45×45×45 μm/voxel).37 The detector and X-ray source were rotated 220 degrees in 1-

degree steps, calibration exposures configured to 20, and the field-of-view set at maximum 

voxel size of 50×50×50 mm3. CT data were DICOM converted and examined using OsiriX 

DICOM Viewer (the OsiriX Foundation, Geneva, Switzerland). Scanned lung images were 

reconstructed into 3D images and used for volumetric analysis. All measurements were 

performed blinded.

Human Subjects and Ethical Considerations

De-identified human pulmonary artery smooth muscle cells (PASMCs) provided by Dr. 

Elena Goncharova were isolated, maintained, and characterized as previously described38 

under the protocols approved by the University of Pittsburgh Institutional Review Board. 

De-identified muscle biopsies and/or plasma samples of HFpEF and PH-HFpEF subjects 

participating in clinical trials (NCT02918552 and NCT03629340; all patients provided 

written informed consent before participating in the trials) were collected at baseline 

under protocols approved by the University of Pittsburgh Institutional Review Board and/or 

University of California San Francisco Institutional Review Board.

Statistical Analysis

Statistical analyses were performed using Prism 10.0.2 software (La Jolla, CA). Statistical 

comparison between two groups were performed using Mann-Whitney U-test or unpaired 

Student’s t-test after testing for normality with Shapiro-Wilk test. Comparison among ≥ 3 

groups was performed using one-way or two-way analysis of variance (ANOVA) followed 

by Tukey’s post hoc test. For differences in blood glucose levels during the glucose 

tolerance test, two-way ANOVA followed by Bonferroni’s post hoc test was performed. 

Values of P < 0.05 were considered statistically significant.

Results

Absence of SIRT3 in skeletal muscle leads to reduced pulmonary vascular density, 
increased pulmonary vascular remodeling, and elevated pulmonary pressures.

To evaluate the role of skeletal muscle SIRT3 in the regulation of pulmonary vascular 

remodeling and PH-HFpEF, we generated Sirt3skm−/− mice by crossing Sirt3-floxed mice, 

on a C57BL/6N genetic background, with HSA-Cre mice.35 The expression of SIRT3 
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protein was efficiently ablated in soleus muscles of Sirt3skm−/− mice compared to WT 

mice, whereas no significant reduction of SIRT3 was observed in the liver, lung, LV, RV, 

and isolated PASMCs (Figure 1A and Figure S1A and S1B in the Data Supplement). At 

baseline, we found that Sirt3skm−/− mice had reduced pulmonary vascular density, with 

less continuous blood vessels and narrowed vascular lumen diameter compared to that in 

WT mice (Figure 1B and 1C). Additionally, Sirt3skm−/− mice had increased pulmonary 

vascular proliferative remodeling (Figure 1D and Figure S1C in the Data Supplement) and 

slightly higher RVSP (Figure 1E). Elevated LVEDP, LV hypertrophy, glucose intolerance, 

and preserved LVEF were also observed in Sirt3skm−/− mice, with no changes related to 

body weight, right heart hypertrophy, systolic blood pressures, and aortic remodeling (Figure 

1F–1K and Figure S1D and S1E in the Data Supplement). Together, these data suggest that 

there exists a systemic pathogenic impact of skeletal muscle SIRT3 deficiency in remote 

pulmonary vascular remodeling and PH-HFpEF.

Absence of SIRT3 in skeletal muscle leads to elevated LOXL2 secretion.

One of the most important findings over the past two decades in the area of skeletal 

muscle research is the discovery that several proteins and peptides are produced and 

secreted by skeletal muscle. These so-called myokines play a role in communication 

with distant effector tissues and are identified as possible therapeutic targets to treat 

metabolism-related disorders.39–41 Using nano capillary liquid chromatography electrospray 

ionization mass spectrometry (nLC-ESI-MS) and tandem mass tag (TMT) isobaric labels,42 

secreted proteins extracted from media conditioned by SIRT3-deficient C2C12 myotubes 

were processed for a mass spectrometry experiment in which secreted proteomes were 

comprehensively characterized and quantitatively compared (Figure 2A and 2B). On 

average, 60 known muscle-secreted proteins were identified. Among them, 13 proteins 

were found to be differentially secreted (greater or less than 1.2-fold) in response to 

the absence of SIRT3 (Figure 2C). From the proteins with elevated secretion identified 

in skeletal muscle SIRT3-deficient cells, we selected lysyl oxidase homolog 2 (LOXL2), 

periostin, and gremlin-1 (Grem1) for further validation because of their reported association 

with PH and/or heart failure.43–47 Plasma from Sirt3skm−/− mice had significantly higher 

circulating levels of LOXL2, but not periostin and Grem1, compared to WT mice (Figure 

3A–C). Soleus muscles of Sirt3skm−/− mice had higher levels of LOXL2 compared to WT 

mice (Figure 3D). LOXL2 levels were also significantly increased in plasma obtained from 

SU5416-exposed obese ZSF1 rats with PH-HFpEF (Figure 3E). No correlation between 

plasma LOXL2 levels and RVSP was observed in Ob-Su rats (Figure 3F). LOXL2 is a 

matrix enzyme which cross-links collagen and elastin.48 It has been implicated in the 

development of several diseases, including lung fibrosis, liver fibrosis, cancer, PAH, and 

heart failure.43,45,49 There are five enzymes in the lysyl oxidase family, lysyl oxidase 

(LOX) and LOX-like 1–4 (LOXL1–4), and all of them share a conserved enzymatic domain 

with divergent N-termini. While we observed increased protein abundance of LOXL2 in 

SIRT3-deficient C2C12 myotubes, protein abundance levels of LOX, LOXL1, and LOXL3 

were not affected by silencing of SIRT3 (Figure 2D) and LOXL4 was not detected in our 

experiments.
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To further assess the clinical relevance of our findings, we measured LOXL2 levels in 

plasma obtained from human patients with PH-HFpEF and non-PH-HFpEF control subjects. 

Consistent with our observations in Sirt3skm−/− mice and the rat model of PH-HFpEF, 

circulating levels of LOXL2 trended higher in humans with PH-HFpEF compared to non-

PH-HFpEF control subjects (Figure 3G and Table S1 in the Data Supplement). Furthermore, 

muscle biopsies of PH-HFpEF patients had increased expression of LOXL2, accompanied 

by decreased levels of SIRT3 as compared to HFpEF subjects without PH (Figure 3H and 3I 

and Table S2 in the Data Supplement), supporting the clinical relevance of skeletal muscle 

SIRT3 deficiency and the induction/secretion of LOXL2 in PH-HFpEF.

Secretome of SIRT3-deficient skeletal muscle in remote regulation of CNPY2 in the 
pulmonary vasculature.

Very little is known about the molecular regulation of skeletal muscle SIRT3 deficiency and 

remote pulmonary vascular remodeling. LOXL2 has been reported to modulate pulmonary 

vascular remodeling via increased extracellular matrix (ECM) stiffening.45,50 However, the 

underlying mechanisms regarding LOXL2 action inside pulmonary vascular cells are not 

fully understood. LOXL2 has also been reported to promote tumor progression via activation 

of IRE1-XBP1 pathway of the UPR, independent of both ECM stiffness and collagen 

organization.51 Dysregulated IRE1-XBP1 is also linked to cardiomyocyte dysfunction in 

HFpEF.52 To assess if IRE1 and XBP1 are affected by LOXL2 within the pulmonary 

vasculature, mouse ex vivo PCLS containing all lung cell types in the same ratios and 

with the same cell-cell and cell-matrix interactions as in vivo and which are increasingly 

used to study lung biology,53 were treated with recombinant LOXL2 protein. While IRE1 

and XBP1 were not detected in PCLS, LOXL2 treatment increased short active form of 

activating transcription factor 6 (p50-ATF6) and activating transcription factor 4 (ATF4), 

which are also branches of the UPR (Figure 4A and Figure S2A in the Data Supplement). In 

addition, LOXL2 treatment increased the levels of downstream target and upstream regulator 

of ATF4, C/EBP-homologous protein (CHOP) and canopy fibroblast growth factor signaling 

regulator 2 (CNPY2), respectively, in PCLS (Figure 4A and Figure S2A in the Data 

Supplement). Immunofluorescent staining of PCLS also revealed an increase in CNPY2 in 

the CD31-positive (CD31+) endothelium and the α-smooth muscle actin-positive (α-SMA+) 

layer after LOXL2 treatment (Figure 4B). As protein expression levels of CNPY2, but not 

ATF6, were significantly elevated in lungs of rat model of PH-HFpEF (Figure 4C and Figure 

S2C in the Data Supplement), we focused on CNPY2 for further investigation.

CNPY2 has been recently identified as a key initiator of the PERK-ATF4-CHOP pathway 

of the UPR.54 It can be transcriptionally upregulated by CHOP in a forward-feed loop to 

further enhance the UPR signaling.54 While it is not known whether CNPY2 contributes to 

PH-HFpEF pathogenesis, activation of PERK-CHOP has been observed in PAH patients and 

in rats with monocrotaline (MCT)-induced PH.55 PERK inhibition has also been shown to 

attenuate pulmonary vascular remodeling in rats with MCT- or Su/hypoxia-induced PH.55,56 

To assess whether LOXL2 affects CNPY2 in pulmonary vascular cells, we treated cultured 

human pulmonary artery endothelial cells (PAECs) and PASMCs with recombinant LOXL2 

protein. Our data showed that treatment with recombinant LOXL2 protein significantly 

increased CNPY2 protein content in PAECs and PASMCs (Figure 4D and 4E). Using 
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media conditioned by SIRT3-deficient C2C12 myotubes, we next assessed the involvement 

of skeletal muscle secretome in the regulation of CNPY2 in PAECs and PASMCs. 

Importantly, conditioned media from SIRT3-deficient C2C12 myotubes increased CNPY2 

protein expression in PAECs and PASMCs (Figure 4F and 4G), indicating the impact of 

the skeletal muscle secretome in remote regulation of CNPY2 in the pulmonary vasculature. 

Elevated CNPY2 protein levels were observed in isolated PAECs and PASMCs, CD31+/

isolectin+ endothelium, and α-SMA+ layer of Sirt3skm−/− mice and Ob-Su rats (Figure 5A–

5D and Figure S3 and S4 in the Data Supplement), in which SIRT3 levels were decreased 

predominantly in skeletal muscle in relation to increased LOXL2 levels in the circulation 

(Figure 3E),11 but not in the pulmonary cells (Figure S5 in the Data Supplement). These data 

support an idea that skeletal muscle-secreted LOXL2 may be a critical signaling molecule 

regulating CNPY2 in the pulmonary vasculature. While the lack of PAECs, PASMCs, and/or 

lung biopsies from patients with PH-HFpEF limits our ability to assess the clinical relevance 

of our findings in human disease, using a body mass index (BMI) of 29 as a cut-off, we 

found that CNPY2 protein levels trended higher in PASMCs obtained from obese subjects 

than those from non-obese subjects (Figure 5E and 5F). Together, these data suggest the 

role of CNPY2 as a key target of skeletal muscle SIRT3-LOXL2 signaling in the pulmonary 

vasculature.

Treatment with LOXL2 induces PAECs migration/proliferation and PASMCs proliferation via 
regulation of CNPY2-p53 signaling.

Emerging data indicate that CNPY2, as an initiator of the PERK-CHOP arm of the 

UPR, may contribute to PASMCs proliferation and dysfunction.55–57 CNPY2 has also 

been shown to promote tumorigenesis through the UPR-dependent repression of the tumor 

suppressor p53.58 Given that reduced p53 expression exaggerates experimental PH and 

is found in patients with PAH, we decided to examine the functional consequences of 

increased CNPY2 and its impact on p53 in the pulmonary vasculature.59,60 To explore 

the role and mechanism of CNPY2 in endothelial abnormalities and pulmonary vascular 

remodeling, we overexpressed CNPY2 in human PAECs and PASMCs. Overexpression of 

CNPY2 markedly increased cell migration and proliferation in association with reduced 

p53 in PAECs (Figure 6A–6C), whereas siRNA-mediated knock-down of CNPY2 increased 

p53 expression (Figure S6A in the Data Supplement). In addition, knock-down of p53 

significantly increased cell migration and proliferation in PAECs (Figure S6B–D in the Data 

Supplement). Moreover, treatment with recombinant LOXL2 protein reduced p53 expression 

in human PAECs (Figure 6D). Treatment with LOXL2 also significantly increased cell 

migration and proliferation in PAECs (Figure 6E and 6F). Notably, the ability of LOXL2 

to increase PAECs migration and proliferation was reduced by knock-down of CNPY2 and 

overexpression of p53 (Figure 6E and 6F and Figure S6E and S6F in the Data Supplement).

In PASMCs, CNPY2 overexpression increased cell proliferation in association with 

decreased p53, whereas knock-down of CNPY2 increased p53 expression (Figure 6G–6I 

and Figure S7A in the Data Supplement). Knock-down of p53 increased proliferation in 

PASMCs (Figure S7B and S7C in the Data Supplement). Furthermore, human PASMCs 

treated with LOXL2 showed lower p53 protein content and increased cell proliferation, 

which was significantly decreased by knock-down of CNPY2 and overexpression of p53 
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(Figure 6J–L and Figure S7D in the Data Supplement). Together, these data suggest that 

LOXL2 induces PAECs migration and promotes PAECs and PASMCs proliferation via 

regulation of CNPY2-p53 signaling.

Skeletal muscle-specific LOXL2 deletion reduces PAECs/PASMCs expression of CNPY2 
and improves pulmonary pressures in mice with HFD-induced PH-HFpEF.

To further evaluate skeletal muscle SIRT3 deficiency and its downstream LOXL2-mediated 

endocrine signaling in remote pulmonary vascular remodeling and PH-HFpEF, we generated 

skeletal muscle-specific Loxl2 knockout mice. Of note, we observed non-specific deletion 

of LOXL2 when crossing Loxl2-floxed mice with HSA-Cre mice, thus MCK-Cre mice 

were used to generate Loxl2skm−/− mice. Western blot analyses showed that LOXL2 protein 

was specifically ablated in soleus muscles of Loxl2skm−/− mice compared to WT mice, 

whereas no significant reduction of LOXL2 was observed in the liver, LV, and RV (Figure 

S8A in the Data Supplement). We further studied the impact of skeletal muscle LOXL2 

deficiency on PH-HFpEF by exposing WT and Loxl2skm−/− mice to HFD, which has been 

shown to reduce SIRT3 in skeletal muscle and lead to development of metabolic syndrome-

associated PH-HFpEF.13,22,61,62 Consistent with previous observations, HFD-exposed WT 

mice exhibited significantly higher body weight, glucose intolerance, pulmonary pressures, 

pulmonary vascular remodeling, LVEDP, and bi-ventricular hypertrophy than RD-exposed 

WT mice (Figure 7B–E and Figure S8B–D in the Data Supplement). Notably, female mice 

developed a very mild metabolic syndrome-associated PH-HFpEF phenotype (Figure S9 in 

the Data Supplement), which led us to focus on evaluation of the impact of skeletal muscle 

LOXL2 deficiency in male mice.

While no differences in body weight, LV hypertrophy, RV hypertrophy, LVEDP, and 

systolic blood pressures were observed, glucose intolerance, RVSP, and pulmonary vascular 

remodeling were significantly improved in HFD-exposed Loxl2skm−/− mice in comparison 

with WT mice fed with a HFD (Figure 7C–7E and S8B–E in the Data Supplement), 

suggesting a key role of skeletal muscle-secreted LOXL2 in regulating metabolic syndrome-

associated PH-HFpEF. Additionally, higher circulating levels of LOXL2 were observed in 

plasma of HFD-exposed WT mice compared to RD-exposed mice (Figure S8F in the Data 

Supplement). Consistent with elevated LOXL2 levels, increased CNPY2 and decreased p53 

levels were observed in CD31+ endothelium and isolated PAECs of HFD-fed WT mice 

relative to RD-fed WT mice (Figure 7E and 7F and Figure S10 in the Data Supplement). 

Similarly, higher CNPY2 expression levels were also observed in α-SMA+ layer and 

isolated PASMCs of HFD-fed WT mice (Figure 7E and 7G). While p53 expression was 

not significantly altered, expression levels of proliferating cell nuclear antigen (PCNA), 

which was up-regulated by CNPY2 overexpression, was increased in PASMCs of HFD-fed 

WT mice (Figure 7G and Figure S7E). Importantly, improved RVSP and pulmonary vascular 

remodeling were associated with reduced CNPY2 in PAECs and PASMCs of HFD-fed 

Loxl2skm−/− mice compared to WT animals (Figure 7E–G). Increased p53 levels and 

decreased PCNA levels in PAECs and PASMCs of HFD-fed Loxl2skm−/− mice, respectively, 

were also associated with improved RVSP and pulmonary vascular remodeling (Figure 

7F and 7G and Figure S10 in the Data Supplement). These data indicate that LOXL2 

may be an important endocrine signaling molecule which links skeletal muscle SIRT3 
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deficiency and remote CNPY2 regulation in the pulmonary vasculature. Furthermore, 

suppression of LOXL2 with pan-LOX(L) inhibitor, β-aminopropionitrile (BAPN, 100 

mg/kg/day, drinking water), improved RVSP and RV hypertrophy, in relation to lower 

CNPY2 levels in PAECs and PASMCs, compared to mice fed with HFD alone (Figure 

S11 in the Data Supplement). Together, our data show that LOXL2 inhibition, either by 

skeletal muscle-specific knock-down or by pharmacological treatment, improves metabolic 

syndrome-associated PH-HFpEF, at least in part, by reducing CNPY2 in the pulmonary 

vasculature.

Discussion

In this study, we show that 1) there exists a systemic pathogenic impact of skeletal muscle 

SIRT3 deficiency in remote pulmonary vascular remodeling and PH-HFpEF; 2) decreased 

SIRT3 expression is associated with induction/secretion of LOXL2 in animal models and 

human subjects with PH-HFpEF; 3) CNPY2 is a key molecular target of skeletal muscle 

SIRT3 signaling in the pulmonary vasculature; 4) LOXL2 acts as an important endocrine 

signaling molecule linking skeletal muscle SIRT3 deficiency and remote CNPY2 regulation 

in the pulmonary vasculature (Figure 7H); and 5) absence of LOXL2 in skeletal muscle 

decreases CNPY2 expression, accompanied by reduced pulmonary vascular remodeling 

and lower pulmonary pressures. These findings not only provide new insights into the 

mechanistic basis of PH-HFpEF pathogenesis, but also lead to a broader understanding of 

how skeletal muscle defects affect pulmonary vascular health.

Global Sirt3 knockout mice have been shown to develop spontaneous PH.51 Several 

transcription factors critical to the development of PH, such as HIF1α, STAT3, and nuclear 

factor of activated T cells 2 (NFTAc2), have been found to be activated and present at 

elevated levels in PASMCs of SIRT3-deficient mice. Loss of function single nucleotide 

polymorphism (SNP) in Sirt3 - rs1 1246020 has also been associated with metabolic 

syndrome and idiopathic PAH in humans.31,63 Additionally, decreased SIRT3 in skeletal 

muscle has been associated with the development of diabetes, while caloric restriction- 

and exercise-induced increase in skeletal muscle SIRT3 brought multiple health benefits 

within the cardiovascular and the musculoskeletal system.64 Exercise training has also been 

shown to improve exercise capacity and quality of life in patients with metabolic syndrome, 

PAH, and HFpEF,64–66 highlighting the functional significance of SIRT3 activation in 

cardiopulmonary vascular health. The systemic impact of skeletal muscle SIRT3 deficiency 

on impaired glucose tolerance, pulmonary vascular remodeling, PH, and HFpEF observed 

in this study further provides support for this interconnection. Furthermore, the observation 

that PH-HFpHF patients exhibited lower skeletal muscle SIRT3 levels than those with 

HFpEF alone is of interest. Whether or not skeletal muscle SIRT3 deficiency is the key 

mechanism for disproportionate pathological pulmonary vascular remodeling in HFpEF 

needs to be further examined.

Skeletal muscle is increasingly recognized as an endocrine organ, which can produce 

and secrete hundreds of myokines to mediate communication between muscle and other 

organs, exerting their effects on glucose and lipid metabolism, endothelial function, 

tumor growth, bone formation, hypertrophy, appetite and etc.67 Mitochondria, too, 
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communicate with other organelles within the cell and distant tissues through mitochondrial-

derived peptides, mitokines, when experiencing mitochondrial stress.68 As a critical 

regulator of mitochondrial function and integrity, SIRT3 loss of function may stress the 

mitochondria and induce the mitochondrial stress response (MSR), leading to the release 

of mitokines.68,69 Using secretome analysis, we identified several myokines and/or myo-

mitokines which can be regulated by SIRT3 in skeletal muscle. LOXL2 has been implicated 

in the development of several diseases, including lung fibrosis, liver fibrosis, cancer, PAH, 

and heart failure.43,45,49 In PAH, increased LOXL2 expression is found in adventitial 

fibroblasts and is up-regulated by HIF1α, which is negatively regulated by SIRT3.31,45,70 

In heart failure, cardiac stress has been reported to induce production and secretion of 

LOXL2 in fibroblasts to trigger interstitial fibrosis through promotion of transforming 

growth factor-β (TGF-β) signaling, which can also be regulated by SIRT3 deficiency 

through hyperacetylation of glycogen synthase kinase 3β (GSK3β).43,71 As we did not 

evaluate expressions and/or actions of LOXL2 in all cardiopulmonary cell types, it remains 

uncertain whether it originates from skeletal muscle or is regulated by other unknown 

mechanisms directly in the cardiopulmonary vasculature. Nevertheless, our data show that 

protein abundance levels of LOXL2 are not changed in PASMCs of Ob-Su rats and that 

CNPY2 levels in PAECs and PASMCs are modulated by skeletal muscle-specific deletion 

of LOXL2, further supporting the idea that skeletal muscle-secreted LOXL2 has a role in 

this context. Aside from its impact in the pulmonary vasculature, it is possible that elevated 

skeletal muscle and circulating levels of LOXL2 can promote structural and functional 

changes in the liver, lung, and heart, which may also contribute to the progression of the 

disease.

CNPY2 has been reported to possess a broad range of functions, including promotion of cell 

migration and proliferation, enhancement of angiogenesis, initiation of the PERK-CHOP 

pathway, and regulation of neurite outgrowth.54,72–74 We showed herein that CNPY2 levels 

are increased in PAECs and PASMCs of two preclinical models of PH-HFpEF. Although 

we do not have PAECs and/or PASMCs from patients with PH-HFpEF, we observed 

similar increases in CNPY2 expression in PASMCs isolated from obese subjects. These 

results suggest that pathophysiological processes of metabolic syndrome and skeletal muscle 

SIRT3 deficiency may be associated with increased CNPY2 expression in the pulmonary 

vasculature. Previous study has demonstrated the role of CNPY2 in degradation of p53 in 

tumorigenesis.58 In this study, we provide evidence that elevated CNPY2 down-regulates 

p53 in PAECs and PASMCs. We demonstrated that LOXL2 treatment, accompanied by 

increased CNPY2 and decreased p53, promotes PAECs migration/proliferation and PASMCs 

proliferation. Silencing of CNPY2 and overexpression of p53 rescue the migration and 

proliferation phenotypes induced by LOXL2 in PAECs and PASMCs. All of these support 

the idea that CNPY2 plays a critical role in facilitating LOXL2-mediated pulmonary 

vascular remodeling, in part through reduction of p53. Loss of p53 has been found in 

PAECs of patients with PAH.59 Reduced p53 has also been shown to induce spontaneous 

PH, exaggerate monocrotaline-induced PH, and aggravate hypoxia-induced PH in various 

knockout murine models.60,75–77 While endothelial cell-specific p53 knockout exaggerated 

PH, no aggravation of hypoxia-induced PH was observed in smooth muscle cell-specific 

p53 knockout,59,78 suggesting an important vasculoprotective role of endothelial p53 in the 
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lung. In our study, increased p53 in PAECs, but not in PASMC, is associated with improved 

pulmonary vascular remodeling and reduced pulmonary pressures in HFD-fed Loxl2skm−/− 

mice. Our data may support the vasculoprotective role of endothelial p53, but it would be 

interesting to investigate this in future studies with human samples.

While secreted CNPY2 has been found in culture medium of hypoxia-exposed smooth 

muscle cells and in plasma of colorectal cancer patients,73,79 CNPY2 was not detected in 

our skeletal muscle secretome analysis. Moreover, no change of CNPY2 levels was observed 

in circulation of rats with PH-HFpEF (Figure S12 in the Data Supplement). These data 

further suggest the existence of PAECs/PASMCs CNPY2 regulation signaling molecule(s) in 

skeletal muscle secretome. It remains unknown how LOXL2 elevates CNPY2 in PAECs and 

PASMCs. Altered CNPY2 expression has been attributed to HIF1α stabilization, CHOP 

upregulation, and microRNAs (miRNAs).54,73,80 LOXL2 has been recently reported to 

stabilize HIF1α through inhibition of its prolyl hydroxylase (PHD)-dependent hydroxylation 

and to enhance aerobic glycolysis.81 Additionally, LOXL2 has been shown to promote 

tumor progression via activation of IRE1-XBP1, which upregulates CHOP.82 Further 

experiments are required to better understand the mechanism(s) in this context.

Despite a well-recognized female prevalence of PH, HFpEF, and PH-HFpEF,7,83,84 we 

show that HFD-exposed female mice develop minimal progression of PH, bi-ventricular 

hypertrophy, and elevated LV filling pressure compared to their male counterparts. While 

this observation is in contrast to the common belief, our findings are consistent with 

previous reports that female mice are protective in experimental models of PH and 

HFpEF.84,85 As ovariectomy exacerbates PH, but not HFpEF,84,85 a number of other 

sex-modifiable factors beyond sex hormones, such as steroid hormones, immune and 

inflammatory responses, aging, mitochondrial function, and fatty acid metabolism, may be 

considered for future development of experimental models to integrate epidemiologic sex 

differences noted in PH-HFpEF.

Current treatments of PH-HFpEF that have focused on NO and ET-1 pathways have 

been shown to be ineffective or even harmful.7,86 While sodium glucose cotransporter 2 

(SGLT2) inhibitors have recently been reported to reduce pulmonary pressures in Ob-Su rats 

during exercise and in patients with heart failure,23,87 the search for effective therapies for 

PH-HFpEF remains. Our findings that reduced skeletal muscle LOXL2 improves glucose 

intolerance and PH-HFpEF phenotype raise the possibility of LOXL2 targeting therapy 

for the treatment of PH-HFpEF. As pan-LOX(L) inhibitor, BAPN, has been shown to 

improve PAH, insulin sensitivity, and glucose uptake,45,88,89 we evaluated the effect of 

BAPN in HFD-mouse and Ob-Su rat models of PH-HFpEF. Our data showed that BAPN 

treatment reduced pulmonary pressures and RV hypertrophy in association with decreased 

PAECs and PASMCs expression of CNPY2 in mice exposed to HFD (Figure S11 in the 

Data Supplement). BAPN treatment also improved fasting blood glucose and HbA1c levels 

in Ob-Su rats, but failed to improve RVSP and bi-ventricular hypertrophy in this more 

severe model of PH-HFpEF (Figure S13 in the Data Supplement). We noted that circulating 

concentration of LOXL2 is approximately 2.5 ng/ml in Ob-Su rats (Figure 3E), in contrast to 

250 pg/ml in HFD-exposed mice (Figure S8F in the Data Supplement). This difference may 

explain, at least in part, a modest efficacy of BAPN, especially on pulmonary pressures, in 
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Ob-Su rats. These findings may suggest potential strategies aiming at reduction of skeletal 

muscle LOXL2 secretion and/or evaluation of small molecule inhibitors of LOXL2, such as 

PAT-1251, which has more than 400-fold selectivity over LOX (compared to the 6.6-fold 

selectivity of BAPN).90 Interestingly, Ob-Su rats treated with nitrite and metformin, drugs 

which improve hyperglycemia and normalize pulmonary pressures via activation of SIRT3 

in skeletal muscle,11 exhibited lower circulating LOXL2 levels in comparison with untreated 

animals (Figure S14 in the Data Supplement). It is possible that skeletal muscle SIRT3 

activated by nitrite and metformin reduces the induction/secretion of LOXL2, which in 

turn, maintains low expression level of CNPY2 in the pulmonary vasculature. The effect of 

metformin is currently under investigation in clinical trials in patients with PH-HFpEF. It 

would be interesting to examine whether LOXL2 levels are affected by metformin and its 

association with patient outcomes. While more studies are needed, this observation further 

supports the idea that reduced circulating LOXL2 levels may be a viable strategy for the 

treatment of PH-HFpEF. Our findings may also open a new avenue for approaches which 

would involve targeting CNPY2 in the management of PH-HFpEF.

In conclusion, our studies have uncovered several processes by which skeletal muscle SIRT3 

deficiency can affect pulmonary vascular health in PH-HFpEF. Our findings also provide 

new insights into the mechanistic basis of the skeletal muscle-lung communication and 

identify skeletal muscle SIRT3, myokine LOXL2, and CNPY2 in the pulmonary vasculature 

as potential molecular targets for the development of therapeutic treatments in PH-HFpEF.

Limitations

Several potential limitations are acknowledged in the present studies: 1) lack of PAECs, 

PASMCs, and/or lung biopsies from patients with PH-HFpEF to assess the clinical relevance 

of PAECs and PASMCs expression of CNPY2 in human disease; 2) secretome analysis was 

performed in C2C12 myotubes, but not in human cells; 3) no obese controls for animal 

models; and 4) we were unable to evaluate the contribution of LOXL2 to PH-HFpEF in 

female mice due to their mild metabolic syndrome-associated PH-HFpEF phenotype.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Perspective

What Is New?

• This study describes a systemic pathogenic impact of skeletal muscle sirtuin-3 

(SIRT3) deficiency in remote pulmonary vascular remodeling and PH-HFpEF.

• Lysyl oxidase homolog 2 (LOXL2) acts as an important endocrine signaling 

molecule linking skeletal muscle SIRT3 deficiency and remote canopy 

fibroblast growth factor signaling regulator 2 (CNPY2) regulation in the 

pulmonary vasculature.

What Are the Clinical Implications?

• These findings provide a broader understanding of how skeletal muscle 

defects, which are associated with severe exercise intolerance and worsening 

functional capacity in patients with PH-HFpEF, affect pulmonary vascular 

health.

• This study identifies skeletal muscle SIRT3, myokine LOXL2, and CNPY2 in 

the pulmonary vasculature as potential molecular targets for the development 

of therapeutic treatments in PH-HFpEF.
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Figure 1. 
Absence of SIRT3 in skeletal muscle leads to reduced pulmonary vascular density, increased 

pulmonary vascular remodeling, and elevated pulmonary pressures. A, SIRT3 protein levels 

in soleus, liver, pulmonary artery smooth muscle cells (PASMCs), and left ventricle (LV) of 

WT and Sirt3skm−/− mice. B, Representative micro-CT images of lungs infused with Mercox 

II resin from WT and Sirt3skm−/− mice. Reduction in vascular density, with narrowed 

vascular diameter (yellow square), and decreased peripheral vasculature (green arrowheads), 

was observed in Sirt3skm−/− mice. C, Volumetric analysis of the pulmonary vasculature. D, 
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Representative images of lung sections stained with α-smooth muscle actin (α-SMA, 20X). 

E-G, Right ventricular systolic pressure (RVSP; E), left ventricular end-diastolic pressure 

(LVEDP; F), and LV ejection fraction (LVEF, G) were measured in WT and Sirt3skm−/− 

mice. H and I, LV and RV mass normalized to tibial length. J-K, Body weight (J) and 

glucose tolerant abilities (K) were measured. All mice were fed on regular diet starting 

at age of 8 weeks for 16 weeks. Data are mean ± SEM; n = 6–12 mice/group. Statistical 

comparisons were performed using Mann-Whitney U-test. For Figure 1K, two-way ANOVA 

followed by Bonferroni’s post hoc test was performed. *P < 0.05.
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Figure 2. 
Secreted proteins associated with skeletal muscle SIRT3 deficiency identified by mass 

spectrometry. A, Schematic overview of comparative secretome analysis. Briefly, each 

sample (condition/replicate) was labeled with a unique TMT reagent tag at the peptide 

level. While these tags are isobaric, they are different with respect to the position of 

isotopically heavy nuclei in their structural backbone. After labeling, the individual samples 

are combined to produce a single multiplexed sample. Upon fragmentation in the mass 

spectrometer, a sample-specific fragment, a reporter ion, is released and recorded in the 
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mass spectrum. Labeled peptides derived from different samples will have a unique reporter 

ion whose abundance is related to the abundance of the peptide in the given sample. Relative 

quantification is performed by measuring the relative abundances of the reporter ions 

released during fragmentation of “protein-specific” tryptic peptides. B, Efficiency of siRNA-

mediated knock-down of SIRT3 in C2C12 myotubes. C, Proteins identified as differentially 

regulated by SIRT3. D, Abundance ratio of lysyl oxidases (LOX) and LOX-like family 

members (LOXL1, LOXL2 and LOXL3) for 3 conditions (with 3 biological replicates each). 

Data are mean ± SEM. Comparisons of parameters were performed using unpaired Student’s 

t-test after testing for normality with Shapiro-Wilk test.
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Figure 3. 
Increased LOXL2 in plasma and skeletal muscle of Sirt3skm−/− mice, Ob-Su rats and patients 

with PH-HFpEF. Plasma levels of LOXL2 (A), periostin (B), and Grem1 (C) were measured 

in WT and Sirt3skm−/− mice. D, Representative Western blots for LOXL2 protein expression 

levels in soleus of Sirt3skm−/− and WT mice. E, Plasma levels of LOXL2 were measured in 

Ob-Su rat model of PH-HFpEF. F, Correlation between RVSP and LOXL2 in Ob-Su rats. 

Spearman r is shown. G, Circulating levels of LOXL2 were measured in plasma of control 

subjects (n = 12) and patients with PH-HFpEF [n = 14; Age: 70.4 ± 7.9; male gender: 

8; BMI: 37.2 ± 10.2; mPAP: 39.9 ± 8.6 mmHg; PCWP: 20 ± 7.8 mmHg; WHO function 

class II: 2 (14%), III: 11 (79%), and IV: 1 (7%)]. H and I, Representative Western blots 

of LOXL2 (H) and SIRT3 (I) in vastus lateralis muscle obtained from human patients with 

HFpEF or PH-HFpEF. Data are mean ± SEM. Statistical comparisons were performed using 

Mann-Whitney U-test.
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Figure 4. 
Treatment with LOXL2 increases CNPY2 protein expression in PCLS, PAECs, and 

PASMCs. A, PCLS from C57B6 mice were treated with recombinant LOXL2 protein (500 

ng/ml, labeled as “+”) or vehicle control (labeled as “-“) for 7 days. Representative images 

of Western blots for p50-ATF6, ATF4, CHOP, and CNPY2 protein expression levels in 

PCLS (n = 3). B, Representative images of PCLS stained with CNPY2 (red), α-smooth 

muscle actin (α-SMA, green), CD31 (light blue), and counterstained with DAPI (40X). C, 

Representative Western blots for CNPY2 protein expression levels in lungs of Ob-Su rats 

compared with lean rats ± SU5416 exposure (Ln and Ln-Su). D and E, Representative 

images of Western blots for CNPY2 protein expression levels in cultured human PAECs (D) 

and PASMCs (E) treated with recombinant LOXL2 protein (250 ng/ml, serum-free medium) 

for 2 days. F and G, C2C12 cells were differentiated to 70% confluence and transiently 

transfected with siRNA targeting SIRT3 or scrambled control for 72 hours. Conditioned 

media from scrambled control (labeled as “Ci”) or SIRT3-deficient (labeled as “Si”) C2C12 

cells were treated to PAECs (F) or PASMCs (G) isolated from C57B6 mice for 2 days. 

CNPY2 protein levels were measured. Data are mean ± SEM. n = 3–4/group. Statistical 

comparisons were performed using unpaired Student’s t-test after testing for normality with 

Shapiro-Wilk test. For Figure 4C, one-way ANOVA followed by Tukey’s post hoc test was 

performed.
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Figure 5. 
Elevated CNPY2 expression in PAECs and PASMCs of Sirt3skm−/− mice and Ob-Su rats, 

and PASMCs of human subjects with obesity/diabetes. A and B, Representative Western 

blots for CNPY2 protein expression levels in PAECs of Sirt3skm−/− mice (A) and Ob-Su rats 

(B). C and D, Representative images of CNPY2 levels in PASMCs of Sirt3skm−/− mice (C) 

and Ob-Su rats (D). E, Clinical information for human PASMCs. F, Representative images 

of Western blots for CNPY2 protein expression levels in PASMCs obtained from humans 

with or without obesity (using BMI of 29 as a cut-off to define obesity). Data are mean ± 

SEM. Statistical comparisons were performed using Mann-Whitney U-test.
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Figure 6. 
Elevated CNPY2, either by overexpression or LOXL2 stimulation, promotes cell migration 

and proliferation. A-C, Cultured human PAECs were transfected with empty or CNPY2-

expressing vector for 30 hours. Efficiency of CNPY2 overexpression and its effect on 

p53 were measured by Western blots (A). Representative images of wound closure and 

related quantitative data (B). Cell proliferation assessed by manual cell counts (C). D, 

Human PAECs treated with recombinant LOXL2 protein (250 ng/ml, serum-free medium) 

for 2 days. p53 expression levels were measured and quantified. E and F, Human PAECs 

were transiently transfected with siRNA targeting CNPY2 or scramble control before 

treatment with recombinant LOXL2 protein. Migration (E) and proliferation (F) of PAECs 

were measured. G-I, Human PASMCs were overexpressed with CNPY2 for 30 hours. 

Representative Western blots for CNPY2 and p53 protein levels (G). Cell proliferations 

measured by cell counts (H) and colorimetric BrdU incorporation (I). J, Human PASMCs 

treated with recombinant LOXL2 protein (250 ng/ml, serum-free medium) for 2 days. 

p53 expression levels were measured and quantified. K and L, Human PASMCs were 
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transiently transfected with siRNA targeting CNPY2 or scramble control for 24 hours before 

stimulation with recombinant LOXL2 protein (500 ng/ml, complete medium) for 5 days. 

Cell proliferation assessed by manual cell counts (K) and colorimetric BrdU incorporation 

(L). Data are mean ± SEM; n = 3–5/group. Statistical comparisons were performed using 

Mann-Whitney U-test, two-way ANOVA followed by Tukey’s post hoc test, or unpaired 

Student’s t-test after testing for normality with Shapiro-Wilk test.
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Figure 7. 
Skeletal muscle-specific LOXL2 deletion reduces PAECs/PASMCs expression of CNPY2 

and improves pulmonary pressures in mice with HFD-induced PH-HFpEF. A, Eight-week-

old male Loxl2skm−/− and WT mice were fed with a HFD (60% lipids/kcal) or RD (10% 

lipids/kcal) for 16 weeks. B-D, Body weight (B), glucose tolerant abilities (C), and right 

ventricular systolic pressures (RVSP, D) were measured. E, Representative images of lungs 

stained with α-smooth muscle actin (α-SMA, green), CNPY2 (red), CD31 (light blue), 

and counterstained with DAPI (40X). Scale bar, 30 μm. Medial index was calculated. 

F-G, Representative Western blots and quantification of CNPY2, p53, or PCNA in PAECs 

(F) and PASMCs (G) isolated from WT and Loxl2skm−/− mice. H, Schema summarizing 

results relating skeletal muscle secretome to pulmonary vascular remodeling in PH-HFpEF. 

Statistical comparisons were performed using two-way ANOVA followed by Tukey’s post 
hoc test. For Figure 7C, two-way ANOVA followed by Bonferroni’s post hoc test was 

performed.
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