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CONTEMPORARY REVIEW

Skeletal Muscle Pathology in Pulmonary 
Arterial Hypertension and Its Contribution to 
Exercise Intolerance
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Kevin Nolan, BSc; Sankalp Sharma, BSc; Rahul Kumar , PhD; Eloara V. M. Ferreira , MD, PhD; 
Brian B. Graham , MD* Rudolf K. F. Oliveira , MD, PhD* 

ABSTRACT: Pulmonary arterial hypertension is a disease of the pulmonary vasculature, resulting in elevated pressure in the 
pulmonary arteries and disrupting the physiological coordination between the right heart and the pulmonary circulation. 
Exercise intolerance is one of the primary symptons of pulmonary arterial hypertension, significantly impacting the quality 
of life. The pathophysiology of exercise intolerance in pulmonary arterial hypertension is complex and likely multifactorial. 
Although the significance of right ventricle impairment and perfusion/ventilation mismatch is widely acknowledged, recent 
studies suggest pathophysiology of the skeletal muscle contributes to reduced exercise capacity in pulmonary arterial 
hypertension, a concept explored herein.
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Pulmonary arterial hypertension (PAH) is a hemo-
dynamic condition resulting from pulmonary vas-
cular dysfunction and increased pressure in the 

pulmonary arteries bed, leading to reduced physiolog-
ical adaptation between the right heart and the pul-
monary circulation.1,2 The diagnosis of PAH requires 
clinical assessment including hemodynamic evalua-
tion through right heart catheterization. PAH is char-
acterized as precapillary disease, defined by a mean 
pulmonary artery pressure that exceeds 20 mm Hg, 
increased pulmonary vascular resistance >2 Wood 
units, and normal pulmonary artery wedge pressure.1

The cause of PAH is determined based on an ex-
tensive clinical and epidemiological evaluation.1 The 
causes leading to PAH primarily involve the pulmonary 
vasculature, including schistosomiasis, HIV, connective 
tissues diseases (CTD), and drug and toxin-induced 
cases,1 for example. Idiopathic PAH is a prototypical 

form that affects the pulmonary arteries. Exercise in-
tolerance is generally the main symptom in those with 
PAH, significantly affecting quality of life.2,3 Untreated, 
the median survival is ~2.5 years.4

The pathophysiology of exercise intolerance in PAH 
is complex and likely multifactorial. The role of central 
cardiac and pulmonary vascular components is well 
established, with decreased cardiac output especially 
during exercise.2,5,6 An increase in right ventricular af-
terload resulting from pulmonary vascular remodeling 
leads to ventricle-arterial uncoupling, metabolic im-
pairment, and progression to right heart dysfunction. 
Additionally, pulmonary vascular remodeling causes 
an imbalance between pulmonary ventilation and per-
fusion, leading to increased dead space. As a result, 
there is significant ventilation-perfusion heterogene-
ity, which contributes to an inefficient ventilatory re-
sponse during exercise, along with increased central 
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chemoreflex activity, and respiratory muscle impair-
ment.5,6 Although the central cardiac and respiratory 
mechanisms are well established, recent evidence 
suggests that peripheral factors, particularly skeletal 
muscle abnormalities, likely also contribute significantly 
to exercise intolerance in PAH3,6–10 (Figure 1).

This review aims to explore the multifactorial na-
ture of exercise intolerance in PAH, with a particular 

emphasis on emerging evidence regarding the role of 
skeletal muscle dysfunction in exercise intolerance. To 
achieve this, we cover several key topics including nor-
mal exercise physiology; skeletal muscle dysfunction in 
PAH with a focus on vascular, morphological, and mi-
tochondrial abnormalities; skeletal muscle dysfunction 
in connective tissue disease-associated PAH (CTD-
PAH) specifically; and finally, conclude with summariz-
ing the existing knowledge gaps and potential future 
directions in this area of research.

NORMAL EXERCISE PHYSIOLOGY
Exercise requires coordination across multiple organ sys-
tems and reflects the body’s ability to maintain a balance 
between energy production and consumption. From 
daily activities to intense exertion, exercise demands ATP 
regenerated from ADP through either oxygen-dependent 
(oxidative phosphorylation) or oxygen-independent path-
ways.7,11,12 Aerobic metabolism (oxygen-dependent) is 
more efficient and predominates during light to moderate 
intensity exercises.7,13,14 Oxygen consumption increases 
during exercise.11,13,15 When the oxygen supply is less 

Nonstandard Abbreviations and Acronyms

CTD	 connective tissue disease
CTD-PAH	 connective tissue disease-associated 

pulmonary arterial hypertension
LOXL2	 lysyl oxidase homolog 2
MuRF	 muscle RING Finger
PAH	 pulmonary arterial hypertension
PAWP	 pulmonary artery wedge pressure
SSc	 systemic sclerosis
VO2	 oxygen uptake

Figure 1.  Exercise intolerance in patients with pulmonary arterial hypertension.
RV indicates right ventricle; SKM, skeletal muscle; V/Q, relation between ventilation and perfusion; and VD/VT, dead space ventilation 
ratio.
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than the metabolic demand, due to high consumption or 
low supply, there is a relative increase in energy produc-
tion through oxygen-independent pathways, also called 
anaerobic metabolism.13

Oxygen use for cellular metabolism requires trans-
port from ambient air to tissue mitochondria, partic-
ularly in the skeletal muscle. This oxygen pathway 
involves several systems and can be didactically di-
vided into 6 steps related to oxygen delivery: the con-
vective oxygen transport components (the respiratory, 
cardiac, and hematologic systems) and oxygen ex-
traction as related to diffusive oxygen transport com-
ponents (the vascular, skeletal muscle, and nervous 
systems).12,15 Figure 2 illustrates the oxygen pathway.

Inspired oxygen passes through airways to the 
alveoli, where gas exchange takes place. Alveoli are 
predominantly lined by type I pneumocytes, which are 

exceptionally thin (0.1 μm) to allow efficient gas diffusion. 
Surrounding the alveoli are capillaries of similar thick-
ness that form a vascular network. This close proxim-
ity and thin structures facilitate the exchange of gases 
through simple diffusion.13,16 Once oxygen diffuses into 
the capillaries it binds to hemoglobin molecules in red 
blood cells to form oxyhemoglobin.17 The delivery of 
oxygen absorbed in the lungs depends on 2 important 
factors: cardiac preload and afterload. Preload refers to 
stretching of heart muscle fibers at the end of diastole, 
which is determined by the volume of venous blood 
return and elasticity of the cardiac tissue. Moderate 
stretching enhances the force of contraction (Frank–
Starling mechanism) and increases stroke volume, but 
excessive preload overstretches myocardial fibers and 
reduces stroke volume.18 Afterload, the resistance the 
right heart must overcome to eject blood, is primarily 

Figure 2.  Illustration of the 6 steps of O2 pathway from environment to mitochondria.
O2 indicates oxygen.
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determined by pulmonary vascular resistance and pul-
monary arterial compliance, limited by pulmonary valve 
pathology. In PAH, high pulmonary vascular resistance 
and low pulmonary arterial compliance from distended 
and remodeled vessels increase afterload, decrease 
stroke volume, and reduce cardiac output.1

During exercise, increased blood flow to capillaries 
raises red blood cell velocity and local capillary hema-
tocrit, enhancing oxygen perfusion to muscles through 
“longitudinal recruitment,” which expands capillary 
surface area along its length.15

The regulation of blood flow in the skeletal mus-
cle is regulated by the ergoreflex, composed of the 
mechanoreflex and metaboreflex. The mechanoreflex 
is activated by muscle contraction, and metabolite 
accumulation triggers the metaboreflex. Both signal 
to the central nervous system to increase ventilatory 
response and the blood flux to skeletal muscle, mod-
ifying vascular tone to optimize oxygen delivery and 
carbon dioxide removal.19 In the skeletal muscle capil-
laries, oxygen leaves hemoglobin to move into tissues, 
following a decreasing O2 pressure gradient.15,20

The skeletal muscle tissue is composed of fiber-
shaped myocytes. The muscle fibers are composed 
of sarcolemma, sarcoplasm, and cell nuclei. Muscle 
contraction strength is directly related to the quality 
of sarcomere contractility. The release of calcium into 
the sarcoplasm facilitates the movement of actin and 
myosin filaments within the sarcomere, leading to the 
sliding of these filaments, which shortens the muscle 
cell and produces contraction.3

Myocytes are classified by the type of MyHC (my-
osin heavy chain) they express, which varies in me-
chanical, biochemical, and metabolic properties.21 
Generally, muscle fibers are categorized into 2 main 
groups: type I and type II. Type I fibers have higher 
oxidative metabolism, with greater capillary density 
and better endurance, while type II fibers have lower 
oxidative capacity, higher glycolytic capacity, and are 
suited for short-duration exercise.22 Oxygen diffusibil-
ity into muscle fibers varies by cell type23,24: in type 
1 fibers, muscle perfusion during rest and exercise 
remains elevated, enhancing aerobic metabolism.25,26 
In contrast, in type 2 fibers, muscle perfusion is gen-
erally lower, particularly during rest, which limits ox-
ygen delivery and reduces the reliance on aerobic 
metabolism.23 This difference is further accentuated 
by mitochondrial content: type 1 fibers are rich in mi-
tochondria, enabling efficient oxidative phosphoryla-
tion, whereas type 2 fibers have fewer mitochondria, 
relying more heavily on anaerobic glycolysis for energy 
production.27 Skeletal muscle is comprised of different 
fiber types, with each muscle containing varying pro-
portions based on its function.

Muscle tissue requires a constant energy source 
to sustain contraction. Skeletal muscle stores energy 

as phosphocreatine, which bypasses the mitochon-
dria and directly converts ADP into ATP. However, 
becausee this process is limited, mitochondrial me-
tabolism must be optimized to meet higher energy 
demands. Through training with repeated high met-
abolic demand, biogenesis and mitochondrial fusion 
increase the ATP synthesis capacity of the mitochon-
drial network.28–30 Concurrently, fission and mito-
phagy degrade dysfunctional organelles, promoting 
cellular hemostasis.31

Mitochondria structure is key to its energy pro-
duction function, with a smooth and permeable outer 
membrane, an intermembrane space with an aqueous 
matrix, and a highly folded inner membrane forming 
cristae. These cristae house the electron transport 
chain complexes (Complexes I to IV) and ATP synthase 
(Complex V), which are essential for oxidative phos-
phorylation. The matrix contains citric acid cycle en-
zymes and mitochondrial DNA, which encodes many 
mitochondrial proteins. The mitochondrial complexes 
enable the electron transfer process, reducing molec-
ular oxygen to water and pumping protons across the 
inner membrane, creating a proton gradient that pow-
ers ATP synthase to produce ATP.30,32

Traditionally, oxygen consumption by peripheral tis-
sue, or oxygen uptake (VO2), can be mathematically 
calculated by the Fick principle: VO2 = cardiac output 
× C(a-v)O2.

11 Cardiac output is derived by multiplying 
the stroke volume by heart rate. C(a-v)O2 represents 
the difference between arterial and mixed-venous 
oxygen content. Oxygen content depends on hemo-
globin oxygen carrying and oxygen solubility: C(a/v)
O2=(1.36×Hb(a/v)×S(a/v)O2)×(0.003×P(a/v)O2).

11,33–37 
However, it is important to note that this equation 
mainly reflects the muscle perfusive component. 
As described previously, the muscle diffusive ability 
also plays an important role in oxygen consumption. 
Therefore, VO2 can also be described as the rela-
tion between the ability of O2 to diffuse and the pO2 
gradient between the capillary and the mitochondria 
(VO2=D×P(capillary-mitochondria)O2), also known as 
Fick’s law.15,38 Figure 3 represents Fick’s principle with 
the diffusive concept (ie, Fick’s law), illustrating that 
maximum VO2 is the point of intersection of oxygen 
transport and oxygen diffusibility in the muscle tis-
sue.38 Therefore, reductions in VO2 can be related to 
impairment in the steps of oxygen delivery or oxygen 
extraction.11,39

SKELETAL MUSCLE DYSFUNCTION IN 
PAH
Beyond the PAH pathology in the pulmonary vascu-
lature and right ventricle, skeletal muscle dysfunction 
in patients with PAH also significantly contributes to 
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exercise intolerance and involves intrinsic vascular, 
morphological, and mitochondrial abnormalities.6 
Characterizing skeletal muscle pathophysiology in 
PAH is increasingly of interest among researchers, as 
it sheds light on the broader systemic effects of the 
disease and potential therapeutic targets. Due to its 
impact on quality of life and limited treatment options, 
both human and animal-model studies seek to under-
stand the mechanism behind skeletal muscle abnor-
malities in PAH.3,8,9

Recent evidence highlights a dynamic interaction 
between skeletal muscle and pulmonary vascular re-
modeling, suggesting that skeletal muscle dysfunction 
may play a contributory role beyond a passive effect 
of systemic disease. A recent study proposed a novel 
endocrine signaling pathway for skeletal muscle mod-
ulation of pulmonary vascular remodeling through 
the SIRT3-CNPY2-LOXL2 (sirtuin-3-canopy fibroblast 
growth factor signaling regulator 2-lysyl oxidase homo-
log 2). Jheng et al compared findings from a skeletal 
muscle-specific SIRT3 knockout mouse model with 
left ventricle failure model rat and patients with pul-
monary hypertension (PH) associated with preserved 
ejection fraction. The comparison revealed similar in-
creased of LOXL2 and CNPY2 and similar alterations 
in pulmonary vascular remodeling and pressure. Mice 
with high-fat diet–induced PH-heart failure with pre-
served ejection fraction threated with recombinant 

LOXL2 protein developed increased pulmonary vascu-
lar proliferation, whereas skeletal muscle-specific dele-
tion of LOXL2 improved pulmonary pressures.40

Skeletal Muscle Vascular Abnormalities
Microcirculation abnormalities in PAH encompass 
both the convective and diffusive components of oxy-
gen transport and can be divided into 3 aspects: en-
dothelial cell dysfunction, vascular dysfunction, and 
oxygen diffusion impairment.6,41 Vascular stiffness and 
endothelial dysfunction inhibit effective diffusion of 
oxygen through the microvasculature to skeletal mus-
cle tissues, ultimately resulting in decreased oxygen 
delivery to muscles.42 Overactivation of the ergoreflex 
mechanism contributes to symptoms of dyspnea and 
exercise intolerance in patients with left heart failure.19 
Specific evidence of this occurring in PAH is still lim-
ited, but the loss of coupling between muscle signals 
and the autonomic nervous system, leading to hyper-
ventilation and an imbalance in local blood flow, is pre-
sent in PAH.6

Shulze et al compared rats with monocrotaline-PH 
with untreated controls and observed a difference in pO2 
in the interstitial muscle space at the start of exercise.43 
All the animals were treated with a vasodilator (sodium 
nitroprusside), resulting in an exaggerated decline in 
pO2, which remained lower in monocrotaline-treated 

Figure 3.  The relationship between uptake VO2 and microvascular 
oxygen partial pressure.
Fick’s law (blue line) describes the diffusion of oxygen from capillaries 
to mitochondria. Fick’s principle (black line) shows VO2 as the product 
of oxygen supply and muscle extraction capacity (difference in oxygen 
content between arterial and venous blood [C(a-v)O₂]). The point 
where the 2 curves intersect marks the maximum oxygen consumption 
(VO₂MAX), which is the maximum VO2 during exercise. C(a-v)O2 indicates 
difference in oxygen content between arterial and venous blood; CO, 
cardiac output; D, distance; O2, oxygen; PO2, oxygen partial pressure; 
and VO₂MAX, maximum oxygen consumption.
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animals compared with controls. These data support 
the concept that exercise intolerance in PH may be 
related to a diffusive oxygen defect, which could be 
associated with stiffening of skeletal muscle vessels 
leading to vascular dysfunction.43–45

Those findings are reinforced by recent studies that 
examined the convective and diffusive components of 
oxygen transport in PH. In another experiment, Schulze 
et  al examined microcirculatory hemodynamics in 
monocrotaline-PH rats, revealing significant reductions 
in oxygen transport by both perfusive (capillary red 
blood cell flux and velocity) and diffusive (percentage 
of capillaries supporting continuous flow in skeletal 
muscles) mechanisms.42 They suggest that this reduc-
tion in oxygen transport is likely linked to arteriolar reg-
ulation, resulting in impaired capillary hemodynamics.

In contrast, Zhang et  al found evidence that re-
duced exercise capacity in PH occurs before intrinsic 
skeletal muscle dysfunction in rats with experimental 
PH induced by a combination of SU5416 and hypoxia, 
suggesting that the primary limitations in exercise toler-
ance are due to impaired blood flow rather than direct 
muscle pathology.46 These data support the notion that 
early interventions targeting blood flow and oxygen de-
livery may help in PH-related exercise intolerance.

In human subjects, Potus et  al observed a signif-
icant reduction in microRNA 126 (miR-126) expres-
sion within skeletal muscles, which correlated with 
decreased microvascular density quantified by loss of 
CD31+ endothelial cells, and worse exercise capac-
ity.47 They found that miR-126 dowregulation led to up-
regulation of SPRED-1 (sprouty related EVH1 domain 
containing 1) and, consequently, to a marked decrease 

in the downstream effectors of the VEGF (vascular en-
dothelial growth factor) pathway including phospho-
Raf and phospho-ERK (extracellular signal-regulated 
kinase) (Figure  4). Complementary experiments in 
healthy rats showed that targeted dowregulation of 
miR-126 in skeletal muscles recapitulated the reduc-
tion in microvascular density and exercise tolerance, 
whereas miR-126 upregulation in diseased rats partly 
restored their exercise tolerance. These results sug-
gest that therapeutic strategies aimed at restoring miR-
126 levels could potentially improve microcirculation 
and physical function in patients with PAH, offering a 
novel approach to addressing the systemic effects of 
this destabilization disease.47

Skeletal Muscle Morphological 
Abnormalities
Reduced muscle strength and endurance has been 
observed in patients with PAH.3 These impairments are 
partially explained by a relative reduction in the number 
of oxidative type 1 cells and an increase in the num-
ber of glycolytic type II cells.6 Muscle fiber differentia-
tion is regulated by the FoxO1 pathway, with increased 
FoxO1 expression in type II fibers.48 Kosmas et al dem-
onstrated that FoxO1 inhibition in SU5416-hypoxia rats 
increased the ratio of type I to type II fibers,49 similar to 
the phenotype of monocrotaline-treated rats reported 
by Xiang et al50 Analysis of the type II fibers revealed 
more apoptosis leading to atrophy.51

Activation of autophagic/lysosomal proteolysis and 
the ubiquitin proteasome system leads to apoptosis. 
This process is a 3-enzyme ubiquitination cascade: E1 

Figure 4.  Vascular and skeletal muscle signaling pathways.
A, Skeletal muscle endothelial cells: miR-126 suppresses PIK3R2 and SPRED1, which negatively regulates VEGF signaling via the 
PI3 kinase and RAF1 kinase pathways, ultimately affecting angiogenesis. B, Summary schema of protein synthesis and degradation 
in muscle cells. AKT signaling can increase both the activity of protein synthesis pathways and inhibit protein degradation pathways. 
TAK1 signaling can increase protein degradation. AKT indicates protein kinase B; ERK, extracellular signal-regulated kinase; FOXO, 
Forkhead box O transcription factors; IGF-1, insulin-like growth factor 1; miR-126, microRNA 126; mTOR, mammalian target of 
rapamycin; MuRF-1, muscle RING-finger protein-1; p38MAPK, p38 mitogen-activated protein kinase; p70S6, ribosomal protein S6 
kinase beta-1; PI3 kinase, phosphoinositide 3-kinase; PIK3R2, phosphoinositide-3-kinase regulatory subunit 2; RAF1, RAF proto-
oncogene serine/threonine-protein kinase; SPRED1, sprouty-related EVH1 domain-containing protein 1; TAK1, transforming growth 
factor-beta-activated kinase 1; TGF-β, transforming growth factor-β; and VEGF, vascular endothelial growth factor.
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(ubiquitin-activating enzyme), E2 (ubiquitin-conjugating 
enzyme), and E3 (ubiquitin ligase). In cardiac and skel-
etal muscle, MuRF (muscle RING finger) and atrogin-1 
are E3 ligase enzymes that correlate with of skeletal 
muscle loss.52,53 Knocking out these proteins is pro-
tective against myocardium and skeletal muscle atro-
phy.54 Increased expression of MuRF has been found 
in diaphragm muscle fiber in rats with PH.53–55

Under normal conditions, proteolysis pathways are 
inhibited when protein synthesis pathways are acti-
vated.56 When PI3 (phosphatidylinositide 3) kinase/
AKT (protein kinase B) signaling pathway is activated, 
it induces FoxO transcription factor phosphorylation, 
inhibiting MurF1 and atrogin-1 expression.56 These sig-
naling pathways are diagrammed in Figure 4.

Further supporting these animal model data, Batt et al 
observed a significant shift toward more type II fibers, 
accompanied by muscle atrophy, in quadriceps femoris 
muscle in patients with PAH.3 Increases of both atrogin-1 
and MuRF1, lower levels of AKT, and increases of FoxO3 
phosphorylation correlated to quadriceps muscle atro-
phy.57 Decreased FoxO1 has also been described in lung 
and vascular smooth muscle cells in PAH.58,59 Therefore, 
therapeutically targeting FoxO1 can potentially both im-
prove PAH and skeletal muscle impairment.57,58

Muscle mass reduction does not occur exclusively 
among patients with PAH. Sarcopenia is present in dif-
ferent chronic diseases, such as chronic obstructive 
pulmonary disease and left heart failure, and is also 
inherent in the natural aging process.60 The findings 
among different conditions, however, can be conflict-
ing. In patients with chronic obstructive pulmonary dis-
ease, for example, researchers documented either no 
change or increased AKT and FoxO1 phosphorylation, 
perhaps representing a compensatory response to 
prevent further muscle atrophy.61

Use of a pulmonary artery banding model, which 
avoids hypoxia or toxins, suggests a significant impact 
of systemic circulation on the development of sarco-
penia in heart failure, with more pronounced skeletal 
muscle impairment observed in left ventricle failure 
models compared with RV failure-models. In the left 
ventricle failure model there was a reduction in muscle 
weight and fiber diameter in the soleus and gastrocne-
mius muscles, accompanied by increased proteasome 
activity and expression of MuRF1 and atrogin-1 and 
the atrophy marker myostatin.62

Another mechanism that contributes to exercise 
intolerance is skeletal muscle weakness.63 Previous 
studies have demonstrated that alterations in the regu-
latory pathways of calcium influx and efflux in the sar-
coplasmic reticulum occurs in the skeletal muscle of 
mouse models of heart failure and human models with 
myopathies and chronic obstructive pulmonary dis-
ease.3,64 This is also seen in respiratory muscles and in 
the peripheral muscles of patients with PAH.3,64,65

Skeletal Muscle Mitochondrial 
Abnormalities
Disruption in mitochondrial function can lead to 
significant metabolic disturbances.30 A shift from 
oxidative to glycolytic metabolism has been described in 
pulmonary vascular and right ventricle cells, correlated 
to muscle dysfunction and exercise intolerance in 
PAH.66,67 Levels of Mfn (mitofusin) positively correlate 
with increased mitochondrial fusion, enabling 
mitochondrial network development and redistribution 
of mitochondrial contents, preventing damaged 
mitochondria accumulation.3 DecreasedMfn1 and 2 in 
PAH skeletal muscle cells is associated with muscle 
atrophy and mitochondrial metabolism inefficiency.3

An animal model comparing right and left ventric-
ular failure identified mitochondrial dysfunction as a 
key finding, serving as an early marker of sarcopenia 
in left ventricle failure model. In left heart failure model, 
there was a significant decline in the activity of citrate 
synthase and complexes I and IV of the respiratory 
chain, both critical for energy production. Pyruvate-
dependent state 3 respiration was significantly de-
creased, indicating impaired mitochondrial function, 
and the respiratory control index was notably lower, 
also reflecting reduced mitochondrial efficiency.62

In agreement, Malenfant et  al analyzed skeletal 
muscle biopsies from patients with PAH and found 
decreased proteins related to mitochondrial oxidative 
phosphorylation, ATP production by the Krebs cycle, 
and fatty acid metabolism and increased proteins re-
lated to nonoxidative metabolism including pyruvate 
metabolism, gluconeogenesis, and lipid metabo-
lism.67 These findings are congruent with an observed 
increase in anaerobic glycolysis markers and de-
creased aerobic oxidative metabolism in the pulmo-
nary vascular bed.66

SKELETAL MUSCLE DYSFUNCTION IN 
CTD-PAH
Among the causes of PAH, CTD-PAH has particularly 
poor clinical outcomes. PAH complicates a hetero-
geneous group of CTDs, including systemic sclero-
sis (SSc), systemic lupus erythematosus, rheumatoid 
arthritis, mixed connective tissue disease, antisyn-
thetase syndrome, and dermato- and polymyositis. 
These CTDs collectively represent a systemic auto-
immune response with an exacerbated inflammatory 
response.1,68,69 Patients with CTD-PAH have worse 
morbidity and mortality, worse exercise capacity, and 
a lower therapeutic response rate to PAH-targeted 
therapy compared with other causes of PAH.70,71 
International PH registries show that the prevalence 
of CTD-PAH ranges from 13% to 50%, with SSc ac-
counting for 50% to 70% of the cases.68,69
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The systemic vascular and muscle involvement in 
CTD-PAH remains poorly understood. The prevalence 
of muscle disorders in patients with SSc is uncertain, 
with estimates spanning from 13% to 81%.72 This vari-
ability largely stems from inconsistent criteria used to 
define muscle involvement, and the high prevalence of 
scleroderma-myositis syndrome.73 Regardless of crite-
ria, there is a consensus that skeletal muscle involve-
ment in these patients is a negative prognostic factor.72

Two pathophysiological mechanisms have been 
proposed as potential causes of skeletal muscle im-
pairment in SSc. The first involves peripheral microan-
giopathy leading to myopathy and the destruction of 
the vasculature and muscle tissue itself, often resulting 
in fibrosis.74 Similar to other PAH causes, progressive 
damage leads to capillary rarefaction in skeletal mus-
cle, evidenced by reduced CD31+ cells, increased en-
dothelial cell apoptosis, and increased antiangiogenic 
hallmarks particularly in the VEGF pathway.74,75 Of note, 
these vascular changes have also been observed in 
other connective diseases including dermatomyositis 
and polymyositis.74,76

Fibrosis also plays a crucial role in skeletal muscle 
impairment in SSc. Previous studies have shown a 
strong TGF-β (transforming growth factor-β) expres-
sion, a potent inducer of fibrillar collagen gene tran-
scription and collagen secretion.74,75,77 The presence of 
inflammatory cells in skeletal muscle in SSc has been 
variably reported in the literature. Whereas some stud-
ies demonstrate an increase in inflammatory cells in 
skeletal muscle (mostly T cells), others do not confirm 
this observation.74,78 A humoral immune process lead-
ing to endothelial injury and intimal proliferation may be 
mediated by complement-fixing antibodies.74 Myofiber 
atrophy associated with necrosis of the muscle fiber 
has also been reported, with histologic changes similar 
to other autoimmune diseases such as polymyositis, 
dermatomyositis, immune-mediated necrotizing my-
opathy, fibrosing myopathy, and nonspecific myositis.79

Muscle involvement may occur in other CTDs be-
yond SSc, including systemic lupus erythematosus, 
Sjogren’s syndrome, and rheumatoid arthritis.80 In 
systemic lupus erythematosus, true myositis is esti-
mated to occur in only 4% to 16% of the cases,80 with 
histopathological findings such as myositis, vasculitis, 
type II fiber atrophy, vascular wall thickening, and neu-
rogenic muscle injury.81,82 The low prevalence can be 
related to overlaps between disease symptoms and 
corticosteroid therapy effects.80 Patients with rheuma-
toid arthritis experience a significant muscle strength 
reduction (25%–75%),83 primarily due to structure mus-
cle impairment, inflammation within the muscle, muscle 
tissue vasculitis, and neuropathy that leads to muscle 
weakness.84,85 Other nonmuscle-related causes of 
weakness are global inactivity due to cachexia or di-
minished motion of joints (synovitis) and sarcopenia.86 

Sjogren’s syndrome also exhibits muscle involvement, 
as Lindvall et  al demonstrated increased expression 
of MHC (major histocompatibility complex) class I, 
MHC class II, and membrane attack complex.87 These 
findings are similar to those in dermatomyositis and 
suggest that the mechanism of myositis in Sjogren’s 
syndrome is related to complement activation resulting 
in a microvasculopathy.88,89

In summary, muscle involvement in CTD-PAH en-
compasses multiple, complex, and heterogeneous 
mechanisms, which are poorly understood. Its oc-
currence is associated with a lower quality of life and 
higher mortality.72 Understanding the histopathological 
features of CTD-related myopathy in CTD-PAH may 
provide valuable insights that could enhance the ef-
fectiveness of targeted therapies and improve clinical 
outcomes.

KNOWLEDGE GAPS AND FUTURE 
DIRECTIONS
Despite substantial progress in understanding many 
aspects of exercise limitation in PAH, there remains 
uncertainty regarding the pathology and clinical im-
pact of skeletal muscle and metabolic impairment. 
Further evaluation of skeletal muscle vascular bed, 
muscle structure, and skeletal muscle mitochondrial 
metabolism is necessary. However, the considerable 
heterogeneity of PAH, with its diverse pathogenetic 
mechanisms, varying degrees of severity, and dif-
fering disease duration adds complexity to the task 
of investigating skeletal muscle dysfunction in PAH. 
Confounding factors in the analysis of skeletal muscle 
dysfunction in PAH include sedentary behavior and, 
consequently, physical deconditioning, as well as the 
natural aging process, which leads to changes in mi-
tochondrial function.90 Aging is also associated with 
muscle anabolism and a reduction in muscle sensitiv-
ity to AKT signaling.90 In contrast to that observed in 
chronic diseases, however, the aging process appears 
to be accompanied by a reduction in type II fibers.90

Due to heterogeneity and limitations in studying 
human disease, investigations using animal models 
substantially contribute to understanding cellular mech-
anisms. One limitation with studies using PH animal 
models induced by monocrotaline or SU5416-hypoxia 
is that the muscle pathology is likely confounded by di-
rect effects of the PH inciting stimulus (monocrotaline, 
SU5416, or hypoxia) on skeletal muscle. Therefore, the 
use of alterative PH animal models to study the skeletal 
muscle, such as the schistosomiasis-PH mouse model 
or PA banding, which restricts the stimulus to the pul-
monary vasculature,91,92 might be of particular utility.1,62

Studying PH animal models will enable determining 
the relative muscle weakness and exercise intolerance 
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in the different models, the time course, and how the 
pathology compares with that observed in human bio-
specimens. For example, comparing hypoxia-induced 
PH with PA banding can help clarify if global hypoxia 
directly affects the peripheral muscle phenotype. 
Similarly, comparing inflammatory PH causes such 
as schistosomiasis to noninflammatory causes such 
as PA banding will clarify if inflammation in the lungs 
contributes to the PH skeletal muscle pathology. For 
example, the relative mitochondrial density (fission or 
fusion) or changes in mitochondrial metabolism (den-
sity of mitochondrial complexes) can be compared 
across animal models. The animal models can then 
serve as a preclinical testing ground for developing fu-
ture clinical interventions targeting skeletal muscle pa-
thology and metabolism in PAH.

In human samples, precise morphometric and 
stereologic studies of the peripheral musculature in-
cluding distinguishing type I and type II fibers, identi-
fying the vascular pattern and density, and detecting 
the presence of fibrosis will rigorously characterize 
the skeletal muscle pathology in humans. There may 
be atrophy or hypertrophy of specific fiber types and 
important differences between PH causes, such as 
those caused by CTDs. Inflammatory infiltrates can 
be more precisely characterized, vis à vis those in the 
lungs. These descriptive but important studies will lay 
the groundwork for interrogating specific mechanisms 
of skeletal muscle disease pathophysiology.

Large data omics approaches can also be con-
sidered in future studies evaluating skeletal muscle 
dysfunction in PAH. For example, single-cell RNA se-
quencing can identify specific cell populations and 
the RNA phenotype of these cells, which can suggest 
pathologic differences between diseased and control 
specimens. Single-cell RNA sequencing can be inte-
grated with proteomics to observe the effect on tran-
scribed proteins and metabolomics to validate that the 
proteins ultimately affect metabolite uptake and use.

These data can directly lead to meaningful clinical 
interventions to aid patients with PAH. Skeletal mus-
cle pathology likely can be pharmacologically targeted, 
potentially in combination with exercise training.93,94 
Changing the diet or introducing specific vitamins and 
minerals in the diet could provide critical enzymatic 
cofactors to promote successful metabolic and skele-
tal muscle rehabilitation in patients with PAH once the 
mechanisms of skeletal muscle dysfunction are better 
understood.

CONCLUSIONS
The pathophysiology of exercise limitation in patients 
with PAH is multifactorial. In addition to pulmonary and 
cardiac pathology, skeletal muscle impairment also 
contributes to exercise intolerance and poor quality of 

life in PAH. In this context, skeletal muscle myopathy, 
mitochondrial dysfunction with reduced oxidative ca-
pacity, and systemic vascular changes likely contribute 
to exercise impairment. Understanding the connec-
tive and diffusive components of the oxygen pathway, 
which ultimately lead to reduced oxygen supply or the 
ability of muscle to absorb and metabolize oxygen, is 
important to optimizing the current therapeutic inter-
ventions in PAH. By investigating the pathophysiology 
of the skeletal muscle in PAH, new therapeutic targets 
can be identified that will improve exercise capacity.
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