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Abstract 

Background and aims

With pulmonary arterial hypertension (PAH), right ventricular (RV) function is a major 

determinant of survival. Despite current therapies, maladaptive changes ensue in 

the RV muscle of PAH patients, culminating in RV dysfunction and failure. The aims 

of the study were to evaluate the impact of intra-coronary (IC) cardiosphere-derived 

cells (CDCs) in attenuating the maladaptive pathobiology in the RV muscle and eval-

uating mechanisms underlying improvements in RV function.

Methods

Two groups of the Sugen/Hypoxia rat model of PAH, exhibiting significantly reduced 

RV function, via TAPSE measurements, received either intracoronary infusion of 

CDCs or PBS placebo. Immunohistochemistry methods were used to assess RV 

pathobiological changes. Additionally, advanced proteomics were employed to exam-

ine protein signaling pathways and upstream regulators.

Results

RV muscle capillarity was significantly reduced in the PAH rats while RV muscle 

fibrosis was increased. IC CDCs significantly increased RV muscle capillarity back to 

levels noted in healthy rats and reduced RV free wall fibrosis. Further, a significant 

reduction in iNOS+ (M1) macrophages was also observed within the RV free wall 

in CDC-treated animals. Proteomic analysis of RV muscle in CDC- or PBS-treated 

PAH rats showed alterations in protein pathways related to inflammation, fibrosis, 
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autophagy, cell vitality, and angiogenesis. These changes were consistent with 

putative coordination by a small number of key upstream regulators (MYC, TP53, 

HNF4A, TGFB1, and KRAS). TAPSE was significantly reduced in PBS-treated ani-

mals but was maintained at or above baseline levels in CDC-treated animals.

Conclusions

CDC therapy can significantly impact the maladaptive milieu of the RV myocardium 

in advanced PAH, by altering several pathobiological pathways. Such adjunctive 

therapy, in addition to those employed to reduce pulmonary vascular resistance, 

would be a great advance in managing RV failure, for which no effective current 

approved therapies exist.

Introduction

Pulmonary Arterial Hypertension (PAH) is a progressive condition for which there is 
no cure and survival is poor, even in the modern treatment era [1]. PAH is character-
ized by remodeling of the pulmonary arteries and arterioles (narrowing +/- obstruc-
tion), resulting in elevated pulmonary artery pressure, increased right ventricular 
(RV) afterload, and the subsequent development of right heart dysfunction and right 
heart failure (RHF). Most patients do not succumb to high, sustained, pulmonary 
arterial pressures, but rather RV dysfunction leading RHF [2].

With PAH, the RV initially adjusts to the high afterload presented to it by adaptive 
and physiologic hypertrophy. This lowers RV wall stress (Law of Laplace) and pre-
serves or improves RV function, often for prolonged periods. However, for unknown 
reasons, decompensation and RHF ensue [3], characterized by eccentric hyper-
trophy and RV dilatation, with a fall in cardiac output, impaired contractile reserve, 
further reduction in exercise capacity and RV diastolic dysfunction [2–8]. Patients 
with PAH commonly develop RV dysfunction and failure despite being treated with 
the maximum combination of PAH-specific therapies. While prostanoids and  
phosphodiesterase-5 inhibitors can exert positive influences on the RV [9], this is not 
sustained. No current approved therapies have shown efficacy in reversing, or even 
slowing, the progression of RHF.

Maladaptive alterations in the dysfunctional or failed RV muscle have been well 
characterized in animal models [2,6,8,10]. These include increased inflammation  
[11, 12] and RV fibrosis [3], impaired angiogenesis and reduced capillary density, 
that induces ischemia and contributes to a hibernating myocardium [13–15], cardio-
myocyte apoptosis [8,16], oxidative stress [8], impaired efferocytosis [11, 12] and 
altered metabolism with a shift to uncoupled glycolysis [6,17].

Cardiosphere-derived cells (CDCs) are heart-derived, stromal/progenitor 
cells that exhibit a variety of salutary properties on injured tissue that are medi-
ated by the release of exosomes and their payload of bioactive factors, such as 
non-coding RNAs [18–21]. First reported in 2007 [22], CDCs are multipotent and 
clonogenic [19,23]. CDCs exhibit potent angiogenic [24–26], anti-fibrotic [26–28], 
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anti-inflammatory [25,29–31], immune modulating [32, 33], and anti-apoptotic properties [20,24,29]. They can attenuate 
both oxidative and nitrosative stress [29], as well as attract endogenous stem cells to sites of vascular injury [34]. Of note, 
intracoronary (IC) administration of CDCs reversed pathophysiologic properties in a rat model of heart failure with pre-
served ejection fraction (HFpEF), including reducing myocardial fibrosis (LV and RV), inflammation and cytokine/chemok-
ine expression, while improving capillary density [25]. The use of CDCs is potentially attractive as they have been proven 
safe in hundreds of human infusions, with evidence of disease-modifying bioactivity in various fibro-inflammatory condi-
tions. The therapeutic effects of CDCs are currently being evaluated in a phase three clinical trial for Duchenne muscular 
dystrophy (DMD) and its associated cardiomyopathy.

The major objective of this study was to evaluate the impact of IC CDCs on the pathobiological changes observed in 
the maladapted RV muscle in the Sugen/Hypoxia rat model of PAH exhibiting RV dysfunction (as defined by a tricuspid 
annular systolic plane excursion (TAPSE)). To this end, we employed histological, immunohistochemistry and advanced 
discovery proteomic analyses on the RV myocardium in healthy control rats and PAH rats receiving either IC-CDCs or 
PBS placebo. Our data show that CDCs restored a more “adaptive” RV milieu and unique proteomic changes across sev-
eral domains that are likely driving these results, as well as the demonstration of key upstream regulators.

Methods

Animal care and anesthesia

Male Sprague-Dawley rats were housed in pairs with a 12-hour light/dark cycle at ambient temperature and fed Purina rat 
chow and water ad libitum. Prior to all surgical procedures and echocardiography measurements, animals were initially 
anesthetized with 5% Isoflurane for approximately 3 minutes within a gas anesthesia induction chamber. Foot pad com-
pression was used to confirm unconsciousness. Then, animals were placed upon a heated stage and 2% isofluorane was 
administered via nose cone throughout all TAPSE measurements and surgical procedures. After each procedure, animals 
were monitored closely by research staff until consciousness was regained. All experimental protocols were approved by 
the Cedars-Sinai Animal Care and Use Committee (IACUC).

Pain management and euthanasia

Animals were assessed twice daily for signs of pain or stress, including inactivity, changes in breathing, loss of appetite, 
piloerection, red material around eyes or nose, and other signs indicative of stress or pain. No signs of pain were observed 
after surgery. If signs of pain had been observed, the animals would have received 0.05 mg/kg buprenorphine, and the 
Cedars-Sinai veterinary staff would have been consulted. For euthanasia purposes, rodents were placed under deep general 
anesthetized (5% isofluorane for 5 minutes within a gas anesthesia induction chamber) and unconsciousness was confirmed 
by several toepad compressions. Upon confirmation, animals would then be subjected to exsanguination via heart removal.

Sugen/hypoxia model

All experimental protocols were approved by the Cedars-Sinai Animal Care and Use Committee (IACUC). 8-week-old, 
200g male Sprague Dawley rats were given subcutaneous injections (20 mg/kg) of Sugen (SU5416, Sigma) [35]. The 
SU5416 was suspended in vehicle consisting of 0.5% carboxymethylcellulose sodium, 0.9% sodium chloride, 0.4% poly-
sorbate 80, and 0.9% benzyl alcohol in deionized water. Control animals received vehicle only. Rats were housed in the 
hypoxia chamber (Biospherix) for four weeks, at 10% oxygen using nitrogen gas displacement, with daily monitoring. At 
the end of four weeks, the rats were returned to ambient oxygen levels for a minimum of five days before any procedures 
requiring anesthesia were conducted. We did not observe any premature animal deaths during or after Sugen/Hypoxia 
induction, however we did observe that animals placed under anesthesia, before the five-day waiting period had ended, 
showed a reduction in heart rate and body temperature, and the procedure was suspended.
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The Sugen/Hypoxia model of PAH generates different sex-specific phenotypes. Whereas male rats develop advanced 
right heart failure, the female rats develop very limited right heart failure in this model [36]. Therefore, only male rats were 
used in this study.

See online supplement for further animal care details and sex selection rationale.

CDC generation, animal selection, intracoronary (IC) CDC delivery, echocardiography-derived TAPSE and 
immunohistochemistry

Sprague-Dawley rat CDCs were generated from strain-matched hearts as described previously [37]. Following five 
days post hypoxia, only rats with TAPSE measurements on echocardiography of less than 2.7mm were used in the study; 
a value > 2SD below normal values in healthy rats as previously determined by our group and others. This inclusion 
threshold is common for 300g PAH Sprague-Dawley rats [38–40]. The animals were injected with either 500,000 cells 
in 100μL of sterile PBS or PBS-only control into the left ventricle following temporary aortic occlusion [31] to achieve IC 
delivery. (See justification supporting this technique in the supplement and from our prior studies [31,41,42], outlining both 
imaging/technical aspects and functional data). Four weeks after CDC delivery, RV pressure was measured hemodynam-
ically, and then the heart was removed for histology. The fixed hearts were sectioned and stained using standard proce-
dures. See online method supplement for further details, including CDC tracing, RV immunohistochemistry and TAPSE 
measurements.

Animal groups

Three groups were studied. 1) PAH rats given IC CDCs (n=15), 2) PAH rats given IC phosphate-buffered saline (PBS; 
n=13) and 3) healthy, age-matched rats (n=7).

Proteomic analysis

Frozen RV free wall was solubilized in 2% SDS. Proteins were precipitated with acetone, and reduced, alkylated and 
digested with Trypsin/Lys-C prior to liquid chromatography-mass spectrometry (LC-MS) analysis (Orbitrap Elite mass 
spectrometer). MS spectra were searched against the Swiss-Prot reviewed rat and mouse FASTA database [43, 44] with 
target-decoy modelling using Peptide Prophet [45] on Scaffold 3 version 1.4.1 (Proteome Software,) with quantification 
via Skyline software [46]. Biological and functional process identification was performed using Fundamental Enrichment 
analysis software and integrated and visualized using PINE [47]. See the online supplement for more details.

Statistical analysis

Statistical analysis was performed to compare differences between independent groups using one-way ANOVA. Post-
hoc analysis (Tukey’s multiple comparisons test) was used to compare differences between independent groups, if a 
significant interaction was found. An alpha level of 0.05 was used to compare differences between groups, and overall 
significance. Significant difference between the indicated groups (brackets) are represented by * (p<0.05), ** (p<0.01), 
*** (p<0.001), and **** (p<0.0001. Values are expressed as means ± SEM. Researchers performing the analysis were 
blinded to the animal treatment groups.

Results

General proteomic data

From the LC-MS based analyses carried out on healthy, PAH-PBS, and PAH-CDC rodent RV tissue homogenates, 1513 
unambiguous proteins were identified (S1 Table). These protein expression values were compared to quantify differen-
tially expressed proteins (DEPs, i.e., proteins significantly increased or decreased when comparing conditions). In total, 
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271 significant DEPs were identified from RV isolated from PAH animals infused with PBS, with approximately the same 
number of significant DEPs (278 protein IDs) in CDC-treated animals (S2 and S3 Tables).

To identify potential underlying mechanisms driving the proteomic changes and link them to the demonstrated pheno-
types, DEPs were screened for their known subcellular localizations (sub-proteomes), gene ontologies, cellular functions, 
associated cellular pathways, and known upstream regulators. The cell functions associated with the largest number of 
DEPs in CDC-treated PAH animals compared to PBS-infused controls were “mitochondrial and cellular transport” (268 
protein IDs), followed by “protein translation” (70 protein IDs), “regulation and/or part of the sarcomeric myofilament/cyto-
skeleton” (49 protein IDs), and “autophagy” (47 protein IDs) (Fig 1, S1 and S2 Fig). Taken together, the protein changes 
in the RV muscle indicate that CDC-treatment of PAH reflects a broad impact on inflammation, fibrosis, autophagy, and 
contractile units. CDC-specific DEPs were found to be involved in fibrosis, hypertrophy, vascularity, and immune cell infil-
tration (S4 Table).

Network diagram representing the 278 significantly differentiated proteins (18.3% of total proteins identified) identified 
using mass spectrometry-based proteomic analysis between CDC-treated and PBS-treated PAH animals. Gene ontolo-
gies of various proteins are highlighted in different colors, with relative sizes of the network bubbles relating to the number 
of proteins per ontology listed under each network node.

Pathobiology and proteomic linkage

CDC-induced increase in vascularity.  Assessment of vascularity by immunohistochemistry revealed that RV 
muscle capillarity was reduced by ~ 60% in PAH rats receiving PBS while those in whom CDCs were administered had 
significantly higher numbers of capillaries, that closely approached healthy rat RV muscle values (Fig 2A and B). Further, 
there was a trend toward increased arterioles in the RV free wall in CDC-treated rats compared to the PBS rats (p=0.052). 
Twelve CDC-specific DEPs known to modulate angiogenesis were significantly changed, and importantly, the expression 
of 8 DEPs reverted towards healthy levels following CDC-treatment. These included collagen alpha 1 (V) chain (COL5A1) 
and other ECM regulatory proteins (e.g., Transcription factor, HES-1, regulatory proteins junctional adhesion molecule 
3 (JAM3), and SH3 domain-binding protein 1 (SH3 BP1).While tissue analysis cannot unambiguously assign observed 
changes to specific cell types, cardiomyocytes and smooth muscle cells are certainly altered with CDC treatment, given 
the changes in cardiac-specific myosin light chain 4 (MYL4) and smooth muscle cell-derived Calmodulin-1 (CAM) and 
calponin-3 (CNN3).

CDC-induced alteration in cardiac fibrosis.  The RV free wall of CDC-treated rats showed a trend (p=0.098) of 
reduced collagen staining (11.2% of total tissue), compared to PBS (14.6%) and healthy rats (4.1%) (Fig 3A and B). 
Specific to CDC treatment, Collagen alpha-1 (II) chain (COL2A1) was reduced (while other collagens were not), as were 
several regulatory proteins involved in the extracellular matrix remodeling [e.g., Prolyl 4-hyhroxylase subunit alpha-1 
(P4HA1) and secreted protein acidic and rich in cysteine (SPARC) were decreased, while von Willebrand factor A domain-
containing protein 1 (VWA1) was increased] (Fig 3C and D).

Altered immune cell Infiltration due to CDC treatment.  As the anti-inflammatory properties of CDC therapy have 
been demonstrated in several studies [19,25,31,33,48–51], leukocyte populations within the RV free wall were assessed. 
A significant increase in the CD68+ macrophages within the RV free wall was observed in PAH animals compared to 
healthy animals, however no significant difference in total macrophage number between CDC-treated and PBS-treated 
PAH animals was found (Fig 4A and B). When observing macrophage subsets, iNOS+ macrophages (typically indicative 
of a pro-inflammatory M1 phenotype) were significantly lower in CDC-treated animals compared to PBS-treated control 
(Fig 4A and C), while CD163+ (pro-regenerative M2 phenotype) macrophages were comparable in the two groups (Fig 4A 
and D). Additionally, CD4+ (i.e., helper) T-cells, while not statistically significant (p=0.230), trended toward higher levels in 
CDC-treated animals compared to PBS-treated animals (Fig 4A and E). No changes in CD8+ (i.e., cytotoxic) T-cell number 
were observed between the two PAH groups (Fig 4A and F). Staining controls can be found in the supplement (S3 Fig).
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Several DEPs involved in immune signaling and inflammation were altered in CDC-treated PAH versus PBS-treated 
PAH rats. CDC treatment led to increased phagocytosis signaling, and reduced secretion of inflammatory cytokines asso-
ciated with DEPs: ATP-binding cassette sub-family A member 7 (ABCA7), Purine nucleoside phosphorylase (PNP), and 
Rho family-interacting cell polarization regulator 2 (RIPOR2), amongst others (Fig 4G and H).

Cardiomyocyte hypertrophy.  Microscopic analysis of cardiomyocyte size revealed similar cross-sectional areas 
(CSAs) in CDC-treated animals compared to PBS control (Fig 5A and B). These PAH rat cardiomyocyte CSA values are 
remarkably similar to those measured in age and strain matched, Sugen/hypoxia-induced PAH rat studies [52, 53]. At 
a proteomic level however, CDCs did impact on some proteins that could promote cardiomyocyte hypertrophy and/or 
contractility, such as cholinergic receptor muscarinic 3 (CHRM3) and troponin 1 interacting kinase (TNNI3K), as well as 
changes in Ca2+-handling and sarcomeric proteins and associated pathways (Fig 5; S4 Table), including calcium voltage 
-gated channel subunit alpha 1D (CACNA1D) CHRM3, ATPase sarcoplasmic calcium transporting 3 (ATP2A3), and other 

Fig 1.  The functional network of proteins that differed significantly between CDC-treated and PBS-treated PAH animals.

https://doi.org/10.1371/journal.pone.0321895.g001

https://doi.org/10.1371/journal.pone.0321895.g001
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Fig 2.  RV free wall vascularity assessment in PAH rats at 4 weeks post treatment.  (A) Representative images of capillaries (Isolectin B4, green) 
and arterioles (Isolectin B4 and smooth muscle actin, green and red) within the RV free wall from healthy, PBS-treated and CDC-treated PAH ani-
mals are shown. Examples of capillaries and arterioles are indicated by blue and white arrowheads, respectively. Analysis of the mean number of 
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Fig 3.  Histological and proteomic fibrosis assessment within the RV free wall at four weeks post treatment.  (A) Transverse cryosections of 
hearts from the three animal groups, stained with Picrosirius red to show the amount and locations of fibrosis, are shown. (B) RV free wall fibrosis (rep-
resented as a percentage of total RV tissue area) is shown for all animals, along with their mean values (horizontal bar) ± SEM. Significant difference 
between the indicated groups (brackets) are represented by * (p<0.05), ** (p<0.01), ***(p<0.001). (C) Fibrosis-associated, differential protein expres-
sion is represented by individual boxes with the cyan (PAH-PBS vs Healthy) and orange (PAH-CDC vs. PAH-PBS) boxes visually indicating up or down 
regulation across a central horizontal axis. (D) Table lists the fold changes (log

2
(FC)) of proteins for the relevant samples. Darker purple colors (- num-

bers) represent downregulation and lighter pink colors (+ numbers) represent up-regulation of proteins. Values denoted by * represent proteins that were 
identified only in certain samples (only in CDC-treated or only in control sample), therefore may not be indicative of true changes.

https://doi.org/10.1371/journal.pone.0321895.g003

(B) arterioles and (C) capillaries per image (± SEM) are shown. Significant difference between the indicated groups (brackets) are represented by * 
(p<0.05), ** (p<0.01), ***(p<0.001). Note that some of the extracellular green signal observed in the PAH-PBS and PAH-CDC images may be from 
fibrosis autofluorescence. Scale bar = 50µm. (D) Angiogenesis-associated proteins that are differentially expressed in Healthy vs. PAH-PBS animals 
and PAH-CDC vs PAH-PBS animals are shown (cyan and orange bars, respectively), with bar direction indicating either up or down regulation. (E) Table 
listing the fold changes (log

2
(FC)) of proteins for the relevant samples. Darker purple colors (- numbers) represent downregulation and lighter pink colors 

(+ numbers) represent up-regulation of proteins. Values denoted by * represent proteins that were identified only in certain samples (only in CDC-treated 
or only in control sample), therefore may not be indicative of true changes.

https://doi.org/10.1371/journal.pone.0321895.g002

https://doi.org/10.1371/journal.pone.0321895.g003
https://doi.org/10.1371/journal.pone.0321895.g002
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Fig 4.  Perivascular inflammation assessment in healthy, CDC- and PBS-treated PAH rat RV free wall.  Immunohistochemical analysis of RV free 
wall tissue sections from healthy, CDC-treated and PBS-treated PAH animals at 4 weeks post treatment are shown. (A) Panel of representative images 
taken from the three experimental groups for macrophage markers (top row: CD68+, second row: iNOS+, third row: CD163+) and T-cell markers (fourth 
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regulators of G-protein signaling like regulator of G protein signaling 2 (RGS2) and TNNI3K (S4 Table). Of note, MYL4, a 
cardiac-specific myosin light chain isoform, was upregulated in CDC-treated samples [54, 55].

Proteomic analysis of other areas associated with PAH pathobiology.  Additional cell signaling pathways 
were altered in PAH animals treated with CDC compared to PBS-treated animals. The differential expression of many 
proteins associated with cell vitality and proliferation, autophagy, metabolism and ROS handling were observed. (See 
Supplemental results and S1 and S2 Figs for additional information).

Predicted upstream regulators for PAH and CDC-responsive proteome changes.  A bioinformatics search 
for upstream intracellular signaling effectors identified Myc proto-oncogene protein (MYC), Kirsten rat sarcoma virus 
(KRAS), Hepatocyte nuclear factor 4-alpha (HNF4A), Cellular tumor antigen p53 (TP53), and Transforming growth 
factor beta-1 (TGFB1) as potential orchestrators of CDC responses (S5 Table). All of the upstream regulators impact 
immunoregulatory/inflammatory signaling, with MYC having the largest number of CDC-responsive DEPs involved (Fig 6). 
MYC itself has 3 downstream regulators (MAP kinase 9 (MAPK9), heat shock protein family 1(HSPH1) and programmed 
cell death protein 4 (PDCD4)), that are central to inflammatory and fibrotic regulation [56–60]. KRAS is involved in cell 
proliferation, angiogenesis, and inflammation; TP53 regulates protein expression, immunoregulation, and metabolism; 
HNF4A regulates protein expression, protein transport, and cell proliferation (S5 Table). TGFB1, in addition to influencing 
immunoregulatory and inflammatory signaling, is also involved in altering sarcomeric proteins and cell proliferation 
(S5 Table). Taken together, upstream regulator MYC, KRAS, HNF4A, TP53, and TGFB1 seem to have central roles 
in mediating CDC-induced signaling. These regulators govern transcriptional and translational protein machinery, and 
protein trafficking, which ultimately drive the salutary changes in CDC-treated animals.

The upstream regulator MYC was identified to link to many of the protein changes (p<0.05) identified in the comparison 
between the various treatment groups (PAH-PBS vs Healthy (left panel) and PAH-CDC vs PAH-PBS (right panel)). For the inner 
circle, the color intensity of each protein represents the fold difference (red indicates increases while blue is decreased protein 
levels). For the outer circle, the specific color represents the gene ontology and biological pathway assigned to the protein.

Physiological characteristics.  Body weight measurements taken at baseline showed reduced mass in PAH animals 
compared to healthy animals. As the study progressed, all three groups gained weight at similar rates (Fig 7A). As 
TAPSE was used to screen the Sugen/Hypoxia rats for inclusion in the study, we continued to follow this marker of RV 
systolic function. TAPSE measurements taken at 2-, 3-, and 4-weeks post IC CDCs showed significant improvements in 
RV function compared to PBS-treated animals (Fig 7C, S4 Fig). Across the course of the study, TAPSE in CDC-treated 
animals increased above base line, but not significantly, while the TAPSE in PBS-treated animals significantly decreased 
below baseline at 3- and 4- weeks (p-values = 0.029 and 0.004, respectively). RV systolic pressures were comparable in 
CDC- and PBS-treated animals (CDC: 83.55mm Hg; PBS: 88.0mm Hg), both of which were significantly higher than in 
healthy rats (27.2mm Hg) (Fig 7B).

Discussion

In the Sugen/Hypoxia rat model of severe PAH with impaired RV systolic function, CDCs significantly ameliorated pathobi-
ological derangements in the maladapted RV muscle. This was reflected by an increase in RV free wall capillarity toward 

row: CD4+, fifth row: CD8+). The small, white arrowheads indicate examples of the cells that were counted within each image). Graphical represen-
tations of the mean immune cell count per image (± SEM) are shown for (B) CD68+, (C) iNOS+, (D) CD163+, (E) CD4+, and (F) CD8+, for each of the 
three treatment groups. Significant differences between the indicated groups (brackets) are represented by * (p<0.05), ** (p<0.01), ***(p<0.001). Scale 
bar = 200µm. (G) Immune system-associated differential protein expression is represented by individual boxes with the cyan (PAH-PBS vs Healthy) 
and orange (PAH-CDC vs. PAH-PBS) bars visually indicating up or down regulation across a central horizontal axis. (H) Table lists the fold changes 
(log2(FC)) of proteins for the relevant samples. Darker purple colors (- numbers) represent downregulation and lighter pink colors (+ numbers) repre-
sent up-regulation of proteins. Values denoted by * represent proteins that were identified only in certain samples (only in CDC-treated or only in control 
sample), therefore may not be indicative of true changes.

https://doi.org/10.1371/journal.pone.0321895.g004

https://en.wikipedia.org/wiki/Werner_H._Kirsten
https://en.wikipedia.org/wiki/Sarcoma
https://doi.org/10.1371/journal.pone.0321895.g004
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Fig 5.  Cardiomyocyte hypertrophy assessment of the rodent RV free wall at 4 weeks post treatment.  (A) Representative images of cardiomyo-
cyte cross-sections within the RV free wall of PBS- or CDC-treated PAH animals are shown. The cell membranes are shown in green, and the myofibrils 
are shown in red. Scale bar = 100um. (B) Analysis of the mean cross-sectional areas of cardiomyocytes (± SEM) from the different PAH treatment 
groups are shown. (C) Hypertrophy-associated protein expression is represented by individual boxes with the cyan (PAH-PBS vs. Healthy) and orange 
(PAH-CDC vs. PAH-PBS) bars visually indicating up or down regulation across a central horizontal axis. (D) Table lists the fold changes (log2(FC)) of 
proteins for the relevant samples. Darker purple colors (- numbers) represent downregulation and lighter pink colors (+ numbers) represent up-regulation 
of proteins. Values denoted by * represent proteins that were identified only in certain samples (only in CDC-treated or only in control sample), therefore 
may not be indicative of true changes.

https://doi.org/10.1371/journal.pone.0321895.g005

https://doi.org/10.1371/journal.pone.0321895.g005
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levels seen in healthy rats, a decrease in RV muscle fibrosis, and a decrease in pro-inflammatory macrophages. Pro-
teomic analyses provided further mechanistic insights into DEPs and to key upstream regulators impacted by the CDCs 
to address the pathobiological RV muscle milieu caused by PAH and RV dysfunction. The marker used to screen for RV 
systolic dysfunction, TAPSE, was maintained above baseline levels in PAH rats receiving CDCs until four weeks post infu-
sion, while the TAPSE for PAH-PBS animals continually decreased over time.

The maladapted RV muscle milieu with PAH and clinical implications

PAH is a progressive condition for which there is no cure. Even with substantial pharmacologic advances in the modern 
treatment era, survival remains unacceptably poor [61–63]. Most patients die from RHF, initiated by RV dysfunction [64].

In the maladapted RV muscle, several biochemical and molecular mechanisms have been identified [6,8,10,64]. These 
include impaired angiogenesis resulting in capillary rarefaction, [8] myocardial ischemia, and an inability to meet the high 
oxygen demands imposed, [13,15] leading to a “hibernating state”. Inhibition of hypoxia-inducible factor-1α (HIF-1α) by 
mitochondria-generated reactive oxygen species (ROS) is thought to be a prominent factor [8], as well as epigenetic 
influence on angiogenesis, such as downregulation of miR126 [14]. Altered RV fibrosis, which is traditionally considered 
a hallmark of maladaptive RV hypertrophy [2], is likely to drive the progression of both systolic and diastolic dysfunction 
and failure [65, 66]. Increased oxidative stress contributes to ROS-mediated damage and apoptosis of cardiomyocytes, 
leading to increased cardiac fibrosis [8]. Fatty acid oxidation normally provides the greatest source of energy (ATP) [6]. 

Fig 6.  Association of the upstream protein regulator, MYC, with the RV DEPs between CDC and PBS-treated animals.

https://doi.org/10.1371/journal.pone.0321895.g006

https://doi.org/10.1371/journal.pone.0321895.g006
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With the onset of RV dysfunction, however, a metabolic shift to less energy-efficient glycolysis ensues [6], and is asso-
ciated with an increase in lactate, also referred to as the Warburg phenomenon [17]. Inflammation is an important driver 
of PAH. These effects are described within the RV in animal models [11, 12] and clinically in patients with PAH, such as 

Fig 7.  Analysis of rodent body weight, RV chamber pressure, and RV function.  (A) Healthy and PAH rat body weight measurements from 
immediate post-hypoxia (baseline) until 4 weeks post CDC or PBS delivery. (B) RV systolic chamber pressure, measured at 4 weeks post therapeutic 
delivery, is shown in healthy, CDC-treated and PBS-treated animals. (C) Weekly echocardiography assessments of TAPSE for the three animal groups 
are shown. TAPSE measurements are displayed as the mean percent change from baseline ± SEM. One-way Anova analysis with multiple comparisons 
was conducted between the three rodent groups, at each timepoint. Significant difference between the indicated groups (brackets or lines) are repre-
sented by * (p<0.05), ** (p<0.01), and *** (p<0.001).

https://doi.org/10.1371/journal.pone.0321895.g007

https://doi.org/10.1371/journal.pone.0321895.g007
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scleroderma-associated PAH. Cellular mechanisms that drive these changes include cellular apoptosis and impaired cel-
lular autophagy. Apoptosis of RV cardiomyocytes occurs with RHF and is well described in the Sugen/Hypoxia rat model 
of PAH-associated RHF [8,16].

Intracoronary administration of CDCs

Our group has previously evaluated the retention of CDCs in the myocardium in the rat following intracoronary adminis-
tration using the transient aortic occlusion technique following injection of CDCs into the LV [41,67]. Intracoronary delivery 
was far more effective, uniform and had the highest retention rates in the RV compared to the intraventricular septum and 
LV delivery. RV myocardial uptake with the same intracoronary delivery paradigm described above has also been reported 
for mesenchymal stem cells [42]. See the supplement for further information on CDC tracing, RV coronary blood supply 
contributions, and prior positive functional results using the intracoronary CDC administration technique [25].

Influences of CDCs on the pathobiological maladapted RV muscle

CDCs can induce multiple positive influences simultaneously, to affect several mechanisms proposed to lead to RV dys-
function and failure.

RV vascularity.  PAH rats revealed a dramatic reduction in capillarity and small vessels in the RV muscle. Previous 
studies in PAH have demonstrated that a loss of vasculature was due to reduced expression of angiogenesis factors such 
as VEGF and angiopoietin 1 [13,15]. Epigenetic factors within the PAH RV muscle, such as reduced expression of Mir-
126, which suppresses expression of VEGF inhibitors [14], may also play a role. This reduced vascularity was rescued by 
CDC treatment with markedly reduced capillarity in PAH-placebo animals returned to levels seen in healthy rats following 
CDC administration.

RV proteomic analysis in CDC-treated animals found altered expression in several signaling pathways affecting angio-
genesis. Angiogenesis-related genes with significant regulation changes related to CDC treatment include SH3 BP1, 
PDCD6, and CTGF. SH3 BP1, a Rho GTPase that plays a role in angiogenesis and micro-vessel formation as part of the 
semaphorin-plexin signaling pathway [68] and promotes VEGF secretion [69]. Restoration of gene expression levels was 
observed in CDC-treated PAH rats. Another regulator of VEGF signaling, and cell apoptosis, Programmed Cell Death 6 
(PDCD6) is significantly upregulated in PAH rat RVs but suppressed in CDC-treated animals. PDCD6 has been shown to 
inhibit angiogenesis through the inhibition of PI3K signaling via VEGR2 interaction [70].

RV fibrosis.  Animals that received CDCs showed a trend of decreased RV muscle fibrosis observed within the rodent 
PAH model described above. Key proteins involved in collagen synthesis and processing, P4HA1 and SPARC, were 
decreased in CDC-treated animals, as was COL2A1. These proteins are governed by the TGFβ signaling family and 
are well-known contributors to fibrosis in acute cardiomyopathy and heart failure [4,7,8]. vWA1, an extracellular matrix 
protein found within cardiomyocyte basement membrane was down-regulated in PAH rodents but demonstrated increased 
expression in CDC-treated PAH animals. Higher vWA1 expression has been associated with cardiac remodeling [71], and 
promoting repair, instead of fibrosis, following myocardial infarction injury [72].

RV inflammation.  RV tissue immunohistochemistry identified significantly increased numbers of CD68+ macrophages 
in all PAH animals. CDC treatment did not significantly alter that total number of macrophages compared to placebo. 
However, iNOS-expressing, M1 pro-inflammatory macrophage levels were significantly reduced in CDC-treated rats. 
Assessment of CD163-expressing, M2 (anti-inflammatory) macrophages were not significantly different between PAH 
treatment groups. Altered T-cell levels and impaired regulatory T-cell function are also characteristics of PAH [73]. We 
observed dramatically increased CD4+ and CD8+ T-cell levels in the RVs of both PAH groups compared to those in the 
healthy animals. Although not significant, we observed an increasing trend in the presence of CD4+ helper T-cells in the 
RVs of CDC-treated animals, which also include TREGs. This increase may reflect an increase in the subpopulation of 
TREGs within the CD4+ group that are typically suppressed or dysfunctional in PAH. Furthermore, we did not observe 



PLOS One | https://doi.org/10.1371/journal.pone.0321895  May 12, 2025 15 / 21

significant changes in cytotoxic CD8+ T-cells between the PAH treatment groups. The limited inflammatory response 
observed following CDC treatment may be due to the 1-month time frame that progressed following CDC delivery. CDCs 
remain within the vasculature for approximately three days following jugular vein infusion, however the therapeutic effects 
have been measured to last significantly longer [48, 49]. Three- and seven-day time points post-CDC infusion in models of 
myocardial infarction showed significant reductions in macrophages, T-cells, and other immune infiltrating cells as well as 
circulating cytokines [33,50].

Proteomic analysis found a limited but specific response in the inflammatory response of CDC-treated PAH animals 
which included altered macrophage phagocytosis and suppression of inflammatory cytokine secretion. For example, 
the gene expression of RIPOR2, an inhibitor of leukocyte polarization and migration, was significantly increased in PAH 
animals, and further increased following CDC treatment. Analysis of peripheral blood cell samples collected from patients 
with systemic sclerosis–associated PAH demonstrated revealed the upregulation of RIPOR2 expression [74]. Although 
a decrease in decrease in T-cell presence was not observed in CDC-treated animals, the increase in RIPOR2 may have 
served a more global function related to inflammation and fibrosis in the RVs of these animals. ECSIT (likely ortholog 
of mouse signaling intermediate in Toll) is another inflammation-associated gene that demonstrated increased levels of 
expression following CDC treatment. In macrophages, ECSIT functions as an adapter protein that localizes to the mito-
chondria, following the activation of toll-like receptors, and promotes ROS production to digest phagocytized microbes 
[75]. Human cardiac tissue samples taken from patients undergoing cardiac surgery demonstrated a strong, inverse cor-
relation between ECSIT expression and left ventricle hypertrophy and collagen I presence, suggesting that ECSIT plays 
a cardio-protective role [76]. PAH animals showed a marked decrease in ECSIT that was rescued following CDC infusion, 
and likely contributed to the increased cardiac function and reduced fibrosis observed in this study.

Muscle hypertrophy and contractility.  Although no statistical difference in muscle fiber size was observed, several 
proteins involved in hypertrophy and contractility were altered in CDC-treated animals. In total, 36 sarcomeric proteins 
were changed following CDC therapy, of which six are known to regulate contractility. MYL4 is a cardiac gene whose 
expression is predominantly in the atria in healthy hearts but is overexpressed in the ventricles of failing hearts and is 
commonly found in hypertrophic cardiomyopathy, dilated cardiomyopathy, and ischemic heart disease [55]. Although the 
mechanism for regulating MYL4 presence in failing hearts is not fully understood, its increased expression in diseased 
hearts may be part of a compensatory mechanism for failing hearts to maintain functional output as MYL4 interacts 
through cAMP-associated PI3K activation to promote cardiomyocyte function and survival [77]. Further, transgenic 
animal studies that overexpress MYL4 in the left ventricle found that fibers expressing high MYL4 levels exhibited 
higher maximal velocity and rate of fiber shortening [78] and MYL4 overexpression attenuated heart failure in pressure-
overloaded animals [79, 80]. MYL4 expression was significantly higher in CDC-treated PAH animals compared to PBS-
treated control and may have contributed to the enhanced function observed via TAPSE by preserving cardiomyocyte 
viability and enhancing contractility, but without driving further muscle fiber hypertrophy. Additionally, a number of calcium 
handling genes were up-regulated in the PAH RV following CDC treatment and may further contribute to enhanced 
function. Interestingly, proteomic analysis also revealed the overexpression of cardiomyocytes hypertrophy regulators 
with opposing functions, following CDC treatment. CHRM3, a muscarinic acetylcholine receptor associated with smooth 
muscle function, is overexpressed in hypertrophic hearts and functions to suppress angiotensin II-related hypertrophic 
signaling [81]. TNNI3K has been shown in several in vitro and transgenic animal studies to promote adaptive and 
maladaptive cardiac hypertrophy by increasing cardiomyocyte area and sarcomere organization [82]. Both proteins are 
upregulated in the PAH rat RV compared to healthy controls, and both are further upregulated in animals that received 
CDC therapy, suggesting that conflicting actions on cardiomyocyte hypertrophy are regulating RV muscle fiber growth. 
Thus, complex interactions are in play with maladapted RV hypertrophy.

Upstream regulators and drivers of proteomic changes.  There were several upstream signaling regulators that 
were associated with protein changes identified following CDC therapy. The proto-oncogene MYC is well described 
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for its role in maintaining cardiac muscle growth, regulates immune cell activation and modulates fibrosis. Most gene 
changes identified within the MYC signaling pathway have been downregulated in failing right hearts. CDC therapy has 
been shown to reverse these effects in numerous hypertrophy-associated genes together with suppression of fibrosis-
related genes, such as COL2A1. Similarly, the TGFβ superfamily signaling pathway associated genes, are downregulated 
in failing right hearts, but were rescued in animals receiving CDCs. Another upstream regulator strongly affected by 
CDC therapy in the RV free wall is the oncogene KRAS, which is involved in the signaling pathways of several cellular 
responses, such as VEGF-A and SDF-1 expression. KRAS was significantly reduced in failing PAH hearts but its 
expression was rescued following CDC therapy. Additionally, other upstream signaling factors including HNF4 and TP53, 
which modulate protein expression, cell transport and immune modulation, had similar expression patterns in failing hearts 
and were also rescued by CDC therapy.

RV systolic function.  A ≥2 SD reduction in TAPSE in PAH rats compared to healthy animals was required for entry into 
the study. We followed this parameter for four weeks in healthy, and CDC- and PBS-treated PAH rats. TAPSEs showed 
significant improvements in CDC-treated animals compared to placebo at 2-, 3-, and 4-weeks post-infusion. As the focus of 
this study was to evaluate the impact of CDCs on the aberrant pathobiological features of the maladapted RV myocardium, 
we did not explore any additional functional studies, which will be the focus of a separate study on functional RV changes.

Conclusions and clinical implications

This study showed that CDC administration to the RV myocardium rescued or significantly reversed key pathobiologic 
abnormalities in the RV muscle with PAH (such as reduced capillarity, inflammation and fibrosis, as well as improved RV 
function). Further, advanced proteomics provided other signaling pathway insights into RV dysfunction and improvements 
with CDCs, including key upstream regulators. This could promote future targeted approaches to improve RV function 
which would be part of the future envisaged precision medicine approach to disorders. Currently however, our data are 
highly important, as to date we have no approved therapies clinically, that can impact the maladapted RV muscle to 
improve function and prevent the ensuing RV morbidity and/or mortality in patients with PAH.

Thus, the clinical implications of this study are significant. Current therapeutic approaches are merely supportive (e.g., 
diuretics etc.) and many patients fail to qualify for bilateral lung transplantation (or heart-lung transplant) because of asso-
ciated co-morbidities. We envisage repeated IV infusions of CDCs as being an effective therapy, as observed in Phase 
2 clinical trials in which Duchenne Muscular Dystrophy patients that received repeated CDC infusions demonstrated 
impressive improvements in cardiac function and limb muscle strength [83]. This would enable both direct and indirect 
approaches to treating PAH patients with RV dysfunction using cell therapies. The direct approach would be CDCs and 
their products entering the coronary circulation from IV infusion to effect RV muscle changes. The indirect approach would 
be CDCs acting on remodeled pulmonary vasculature to significantly reduce RV afterload and improve RV function via 
mechanisms related to RV muscle plasticity. This approach to manage a major unmet need in the treatment of patients 
with advanced PAH complicated by RV dysfunction and failure would be a major potential new therapeutic advance.
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