
Review Not peer-reviewed version

Evolutionary Integration and

Glucocorticoid Regulation of the

Respiratory System: Structure, Function,

and Homeostatic Adaptation.

Gianfranco Umberto Meduri * and Antoni Torres

Posted Date: 12 January 2026

doi: 10.20944/preprints202601.0867.v1

Keywords: glucocorticoid receptor alpha (GRα); evolutionary physiology; respiratory homeostasis; lung

development and evolution; mitochondrial bioenergetics; immune–metabolic integration

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0

license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.

https://sciprofiles.com/profile/1039361
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


 

 

Review 

Evolutionary Integration and Glucocorticoid 
Regulation of the Respiratory System: Structure, 
Function, and Homeostatic Adaptation 
Gianfranco Umberto Meduri 1,* and Antoni Torres 2 

1 Department of Medicine and Pharmaceutical Sciences, University of Tennessee Health Science Center, 
Memphis, TN 38163, USA 

2 University of Barcelona, Institut d´investigacions Biomédiques August Pi i Sunyer (IDIBAPS). CIBERES. Spain 
* Correspondence: gmeduri@uthsc.edu 

Abstract 

The vertebrate respiratory system arose under evolutionary pressures that linked increasing 
atmospheric oxygen levels to the metabolic demands of mitochondria. This transition—from 
ancestral gill-based exchange to the highly alveolated mammalian lung—was accompanied by the 
emergence of a hormonal regulatory axis centered on the glucocorticoid receptor alpha (GRα). Over 
time, GRα became deeply integrated into the architecture and function of the respiratory system, 
aligning pulmonary performance with organismal homeostasis across different developmental 
stages, environmental challenges, and disease states. This review combines evolutionary, 
embryological, and molecular evidence to explain how GRα shapes respiratory structure and 
function. We trace the evolution from ancient oxygen-sensing systems to mammalian alveoli and 
endothelial adaptations, demonstrating how conserved developmental pathways (including WNT, 
FGF, BMP, and SHH) are repurposed during both organogenesis and repair. Genetic models show 
that GRα is essential for preparing the lung for postnatal life, coordinating the reciprocal signaling 
between mesenchyme and epithelium that drives branching, septation, extracellular matrix 
organization, and the development of functional alveolar units. In the mature lung, GRα maintains 
the stability of the alveolar–capillary interface and coordinates immune, vascular, and metabolic 
functions to support efficient gas exchange. Its actions also extend to red blood cell biology and the 
regulation of stress erythropoiesis, linking pulmonary oxygen management with systemic oxygen 
delivery. Mechanistically, GRα interacts with circadian and hypoxia pathways and activates 
mitochondrial programs that enhance energy production and redox homeostasis during stress. By 
integrating these regulatory layers across developmental and physiological contexts, this review 
reframes GRα not simply as a stress-response receptor but as a non-redundant systems-level 
integrator of respiratory homeostasis. Understanding this layered control not only explains the 
benefits of antenatal corticosteroids but also highlights the therapeutic value of phase-specific, 
precision modulation of the GC–GRα axis—along with strategies that support GC–GR signaling—to 
reestablish and maintain homeostasis in acute and chronic pulmonary disorders. 

Keywords: glucocorticoid receptor alpha (GRα); evolutionary physiology; respiratory homeostasis; 
lung development and evolution; mitochondrial bioenergetics; immune–metabolic integration 
 

1. Introduction 

The vertebrate respiratory system is among the most structurally complex and functionally 
dynamic organ systems in biology, shaped by evolutionary pressures to meet the escalating 
bioenergetic demands of multicellular organisms. As atmospheric oxygen levels rose and 
mitochondria became central to cellular metabolism, selective pressures favored the development of 
increasingly specialized gas-exchange structures. In terrestrial vertebrates, this culminated in the 
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highly organized architecture of the lungs—comprising branching airways, delicate alveolar sacs, 
and an expansive capillary network—designed to maximize oxygen uptake and eliminate carbon 
dioxide. 

Embedded within this respiratory machinery is an evolutionarily conserved hormonal control 
axis, centered on the glucocorticoid receptor alpha (GRα). Rather than functioning solely as an acute 
stress-response receptor, GRα shapes developmental programs and day-to-day pulmonary 
physiology. It influences epithelial lineage specification, surfactant system maturation, barrier and 
immune tone, vascular function, and mitochondrial adaptation—allowing the respiratory system to 
dynamically adjust to developmental cues, environmental fluctuations, and systemic stress. Through 
this layered integration, the GC–GRα system has contributed to the evolutionary refinement of lung 
structure and function, enabling coordination between pulmonary physiology and the broader organ 
systems that maintain whole-body homeostasis. 

This manuscript offers a comprehensive review of the evolutionary, developmental, and 
molecular foundations of pulmonary structure and function, with particular focus on GRα-mediated 
regulation. Section 1 examines the origins of respiratory adaptations shaped by shifting oxygen 
availability. Section 2 outlines the emergence of glucocorticoid signaling and its integration into 
vertebrate strategies for meeting respiratory demands. Section 3 delineates GRαʹs indispensable role 
in fetal lung maturation. Section 4 analyzes the anatomical complexity and functional integration of 
the adult pulmonary system. Finally, Section 5 synthesizes how GC–GRα signaling coordinates 
respiratory physiology across multiple subsystems to sustain efficient gas exchange, preserve barrier 
integrity, and maintain immune and metabolic homeostasis. 

2. Evolutionary and Embryological Origins of the Respiratory System: Linking 
Bioenergetic Demand to Structural Innovation 

2.1. Bioenergetic Pressures and the Need for Oxygen Exchange 

The evolution of the vertebrate respiratory system is fundamentally tied to the progressive rise 
in atmospheric oxygen (O₂) and the emergence of mitochondria as the central engines of cellular 
metabolism. Following the Great Oxygenation Event approximately 2.4 billion years ago, eukaryotic 
cells (cells that contain a true nucleus and membrane-bound organelles, distinguishing them from 
simpler prokaryotic cells) acquired mitochondria through endosymbiosis (one cell living inside 
another and becoming an organelle), enabling aerobic respiration and a dramatic expansion in ATP-
generating capacity. This transformative bioenergetic shift imposed selective pressure on emerging 
multicellular organisms to develop increasingly sophisticated mechanisms for acquiring, 
transporting, and regulating oxygen delivery—particularly to tissues with high mitochondrial 
density and oxidative demand. 

As a result, the respiratory system evolved not simply as a passive conduit for gas diffusion but 
as a dynamic, highly regulated network designed to match oxygen availability with the metabolic 
needs of complex cellular systems. This bioenergetic framework established the foundation for the 
structural and functional innovations that characterize the vertebrate lung. (Figure 1, Evolution of 
respiratory cells). 
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Figure 1. Evolution of Specialized Respiratory Cells. Legend: The figure illustrates the evolutionary refinement 
of respiratory cell specialization from aquatic to terrestrial vertebrates. The ancestral gill epithelium, containing 
neuroepithelial cells that gave rise to modern pulmonary neuroendocrine cells (PNECs) and carotid-body 
glomus cells, represents the earliest oxygen-sensing interface. Transitional forms in early lungfish and 
amphibians mark the emergence of primitive lungs and alveolar-like epithelial cells (AT1 and AT2), guided by 
conserved Wnt and FGF signaling. In mammals, evolutionary innovation culminated in the development of 
highly specialized alveolar and capillary subtypes—alveolar type I (AT1) and type II (AT2) cells, aerocytes 
(aCap), and general capillary (gCap) endothelial cells—that together maximize gas-exchange efficiency, barrier 
function, and immune surveillance. GRα signaling acts in concert with Wnt, FGF, and Notch pathways to 
orchestrate developmental patterning, alveolar maturation, and vascular specialization. These refinements 
supported the emergence of negative-pressure ventilation, endothermy, and sustained aerobic metabolism in 
mammals. (The authors acknowledge ChatGPTʹs assistance in creating this figure.). 

2.2. From Gills to Lungs: Evolutionary Transitions in Vertebrate Respiration 

The transition from water to land required profound respiratory innovations and adaptive 
restructuring of gas-exchange mechanisms. Over roughly 400 million years, vertebrates evolved from 
gill-based to lung-based respiration, enabling survival in variable oxygen environments and the 
colonization of terrestrial ecosystems (Figure 1, Evolution of respiratory cells). During this transition, 
hormonal and molecular regulatory systems—including glucocorticoid signaling—co-evolved with 
respiratory structures, forming an increasingly integrated physiological axis (Figure 2, Evolutionary 
Integration of the Glucocorticoid Receptor). 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 January 2026 doi:10.20944/preprints202601.0867.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.0867.v1
http://creativecommons.org/licenses/by/4.0/


 4 of 43 

 

 

Figure 2. Evolutionary Integration of Glucocorticoid Receptor (GR) Signaling. Legend: The figure depicts the 
progressive evolution of GRα-mediated corticosteroid receptor signaling from aquatic to terrestrial vertebrates. 
The ancestral corticoid receptor (CR) in early fish species primarily mediated ion regulation, osmoregulation, 
and early stress responses essential for aquatic adaptation. During vertebrate evolution, the divergence of 
glucocorticoid (GR) and mineralocorticoid (MR) receptors enabled specialized control of systemic homeostasis, 
energy metabolism, and electrolyte balance. The emerging functional crosstalk between GR and hypoxia-
inducible factor 1α (HIF1α) facilitated adaptation to variable oxygen environments during the water-to-land 
transition. 

In mammals, progressive specialization of GRα signaling supported lung maturation by 
regulating surfactant protein A (SP-A) and ATP-binding cassette transporter A3 (ABCA3), as well as 
extracellular matrix remodeling, vascular development, and oxygen homeostasis. These integrated 
functions established GRα as the central regulatory hub for respiratory development, stress 
adaptation, and postnatal homeostasis. (The authors acknowledge ChatGPTʹs assistance in creating this 
figure.) 

Gills, which evolved before the last common ancestor of vertebrates, initially functioned in ion 
exchange and acid–base regulation and only later adapted for oxygen uptake through countercurrent 
gas exchange. [1–3] Lungs subsequently appeared as unpaired outpouchings of the foregut in early 
bony fishes (Osteichthyes) and later evolved into paired organs in tetrapods, significantly improving 
respiratory efficiency. [4–6] In ray-finned fishes, the swim bladder represents a modified lung, 
highlighting their shared evolutionary origin. [7] 

Transitional species such as Tiktaalik, lungfish, and Polypterus retain both gills and lungs, serving 
as extant models of bimodal respiration that bridge aquatic and terrestrial life. [8–10] The transition 
to land required major physiological innovations— including greater pulmonary compliance, 
expanded vascularization, and more efficient surfactant production—alongside the co-evolution of 
endocrine pathways and glucocorticoid signaling, which became essential for developmental 
regulation. [4,11,12] 

Figure 3 illustrates the key milestones in vertebrate respiratory evolution, showing the 
progressive transition from gill- to lung-based respiration and the growing integration of GRα 
signaling into pulmonary physiology. Table 1 (Evolutionary Progression of Vertebrate Respiratory 
Systems and Associated Corticoid Signaling Functions) complements this overview by summarizing 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 January 2026 doi:10.20944/preprints202601.0867.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.0867.v1
http://creativecommons.org/licenses/by/4.0/


 5 of 43 

 

structural, physiological, and endocrine innovations that occurred across vertebrate lineages and 
their relevance to the emergence and refinement of GRα-centered respiratory homeostasis. 

 

Figure 3. Evolutionary Transition from Gills to Lungs in Vertebrates. Legend: Figure 3 illustrates the main 
stages of vertebrate respiratory adaptation, tracing the shift from aquatic gill-based oxygen exchange to the 
highly specialized alveolar lungs of mammals. Early jawless vertebrates relied on pharyngeal slits primarily for 
ion and acid–base regulation. In ancestral bony fish (Osteichthyes), an unpaired pulmonary diverticulum 
developed from the foregut, enabling limited air-breathing. Transitional species such as Tiktaalik combined gills 
and vascularized lungs, representing an intermediate stage of bimodal respiration. Amphibians and early 
tetrapods evolved compartmentalized lungs with partial unidirectional airflow, a system that birds later refined 
into parabronchial lungs with air sacs supporting continuous gas exchange. Mammals completed this 
evolutionary sequence with highly alveolated lungs and a diaphragm, enabling continuous high-volume 
ventilation and enhanced metabolic endurance. This structural progression established the evolutionary 
framework within which GRα signaling emerged as a unifying regulatory system —integrating oxygen sensing, 
vascular development, surfactant synthesis, and systemic stress adaptation across vertebrate evolution. (The 
authors acknowledge Chat GPTʹs assistance in creating this figure.). 

Table 1. Evolutionary Progression of Vertebrate Respiratory Systems and Associated Corticoid Signaling 
Functions. 

Evolutionary 
Stage 

Dominant 
Respiratory 

Structure 

Oxygen Strategy / 
Efficiency 

Key Endocrine 
Integration 

Representative 
Species 

Functional Relevance to 
GRα Evolution 

Primitive 
aquatic 

vertebrates 

Pharyngeal slits 
(gills) 

Counter-current 
exchange; ion and 

acid–base regulation 

CR (ancestral 
corticoid receptor) 

Lampreys,  
hagfish 

Ion balance and early 
stress response signaling 

[1–3] 
Early bony 

fish 
(Osteichthyes) 

Gills + unpaired 
lung diverticulum 

Dual respiration; 
emergence of air-

breathing capacity 

Partial CR/GR 
signaling; early 
corticosteroids 

Polypterus,  
Lepidosiren 

Initiation of 
glucocorticoid-mediated 

oxygen control [4–6] 
Transitional 

forms 
(Tiktaalik) 

Gills and 
vascularized lungs 

Bimodal respiration; 
buccal-pump 

ventilation 

Divergence of GR 
and MR; early GR–

HIF1α cross-talk 

Tiktaalik  
roseae 

Establishment of oxygen-
dependent GR regulation 

[8–10] 
Amphibians 

and early 
tetrapods 

Paired, 
compartmentalized 

lungs 

Improved 
compliance; partial 
unidirectional flow 

Functional HPA 
axis; GR–MR co-

activation 

Frogs, 
salamanders 

GR-regulated surfactant 
synthesis and vascular 
remodeling [4,11,12] 
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Birds 
Parabronchial 

lungs with air sacs 

Continuous 
unidirectional 

airflow; maximal 
efficiency 

GR–HIF1α 
coordination for 

oxygen homeostasis 
Gallus gallus 

GR control of 
erythropoiesis and 
metabolic resilience 

[13,14] 

Mammals 
Alveolated lungs 
with diaphragm 

Continuous 
negative-pressure 
ventilation; high 

metabolic demand 

Fully integrated 
GRα system 
regulating 

surfactant, ECM, and 
vascular integrity 

Mus musculus,  
Homosapiens 

Complete systemic 
integration of GRα in 

oxygen and stress 
homeostasis [8,15] 

Legend: Table 1 summarizes the evolutionary continuum from aquatic to terrestrial respiration, emphasizing 
the parallel refinement of GRα-regulated homeostatic control. As vertebrates transitioned from gill-based to 
lung-based gas exchange, the ancestral corticoid receptor (CR) diverged into glucocorticoid (GR) and 
mineralocorticoid (MR) receptors, enabling coordinated regulation of ion transport, surfactant synthesis, 
vascular remodeling, and metabolic adaptation. These integrative mechanisms culminated in the mammalian 
GRα network, which unites endocrine, immune, and mitochondrial pathways to sustain pulmonary and 
systemic stability. Abbreviations: CR, corticoid receptor; GRα, glucocorticoid receptor alpha; MR, 
mineralocorticoid receptor; HIF, hypoxia-inducible factor; ECM, extracellular matrix; HPA, hypothalamic–
pituitary–adrenal axis. 

Across lineages, birds evolved rigid parabronchial lungs with air sacs that enable unidirectional 
airflow, while crocodilians independently developed a similar mechanism—a striking case of 
convergent evolution. [13,14] In mammals, the emergence of highly alveolated lungs and diaphragm-
driven negative-pressure breathing enabled continuous, high-volume ventilation and supported 
greater aerobic metabolic capacity. [8,15] Together, these structural refinements laid the 
developmental and physiological groundwork for embryonic lung formation and the later 
incorporation of GRα-signaling in respiratory adaptation. 

2.3. Embryological Specification of the Respiratory Tract 

The respiratory system begins as a ventral outpouching of the foregut endoderm, forming the 
laryngotracheal diverticulum. Proper separation from the esophagus is essential; when this process 
fails, tracheoesophageal fistulas may develop. [8,16] Development of the respiratory tract requires 
continuous epithelial–mesenchymal communication and is regulated by several key molecular 
pathways—including Wingless/Integrated (Wnt), Fibroblast Growth Factor (FGF), Bone 
Morphogenetic Protein (BMP), and Sonic Hedgehog (SHH)—which act together to direct airway 
branching and lung morphogenesis. 

Wnt/β-catenin signaling establishes the proximal–distal axis of the developing lung, 
determining which regions form conducting airways and which become gas-exchanging structures. 
Wnt also activates FGF10 and BMP4, linking these pathways into a unified regulatory network. 
[17,18] FGF10, produced by surrounding mesenchyme, stimulates airway bud outgrowth and 
epithelial branching, whereas FGF9 helps define distal lung identity. [19,20] BMP4, concentrated at 
the distal tips of developing airways, fine-tunes branching morphogenesis and promotes 
differentiation of alveolar type II cells that produce surfactant. [21] SHH signaling delineates the 
tracheoesophageal boundary and regulates mesenchymal proliferation, thereby maintaining airway 
structural integrity. 

Together, these pathways coordinate branching morphogenesis—the iterative subdivision of 
airway buds that forms the bronchial tree—and establish the regional patterning that specifies 
tracheal, bronchial, and alveolar lineages. In late fetal life, GRα-signaling becomes essential for 
terminal lung maturation: it upregulates surfactant synthesis, promotes alveolar fluid clearance, and 
prepares the lungs for effective post-natal air breathing (Figure 2). [22,23] Recent high-resolution 
imaging and single-cell transcriptomic analyses have revealed the precise temporal and spatial 
coordination of these developmental signals, clarifying how they regulate the epithelial lineage 
commitment, airway branching, and alveolar differentiation during mammalian lung formation. [24] 
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Importantly, many of these developmental pathways are re-engaged during lung repair and 
regeneration in adulthood, underscoring their lifelong contribution to respiratory homeostasis. 

2.4. Evolution of Specialized Respiratory Cells 

Building on the structural transition from gills to lungs—an evolutionary process extensively 
characterized by Liem—the cellular and molecular diversification of the mammalian respiratory 
system represents a second significant evolutionary refinement. [5] This diversification did not arise 
de novo, but through the progressive modification and repurposing of ancestral respiratory 
programs. Specialized respiratory cells evolved through both innovation and repurposing of 
ancestral mechanisms, transforming ancient gill-based programs into complex networks of alveolar, 
vascular, and sensory cells optimized for terrestrial oxygen requirements and the high metabolic 
demands of endothermy. 

Evolutionary Origins and Cellular Specialization. Single-cell transcriptomic studies reveal that the 
mammalian alveolar capillary network contains two major endothelial populations with distinct 
functions. This specialization represents a defining evolutionary innovation in mammalian lung 
design. Aerocytes (aCap cells) are a mammal-specific endothelial subtype specialized for gas 
exchange and immune surveillance. In contrast, general capillary (gCap) cells regulate capillary 
perfusion and function as progenitor cells that support ongoing endothelial maintenance and repair. 
This dual specialization, absent in reptiles and other non-mammalian vertebrates, represents an 
evolutionary innovation that significantly improved gas-transfer efficiency while strengthening local 
immune defense. [25–28] 

Comparative analyses across mammals, reptiles, and birds show that while core gene-expression 
programs in alveolar type I (AT1) and type II (AT2) cells are conserved, mammals developed 
additional intracellular signaling modules and distinct ultrastructural adaptations that sustain 
endothermy and support the continuous, high oxygen demand of aerobic metabolism. [26,29,30] 
These refinements reflect selective pressure not only for efficient gas exchange, but also for metabolic 
resilience under sustained aerobic load. 

Hypoxia-Sensitive Cells and Ancestral Repurposing. Two principal oxygen-sensing cell types—
pulmonary neuroendocrine cells (PNECs) and carotid-body glomus cells—illustrate how ancient 
oxygen-sensing mechanisms were adaptively repurposed during vertebrate evolution. These cells 
likely derive from neuroepithelial oxygen-sensing programs originally present in fish gills. In 
mammals, PNECs (endoderm-derived) serve as environmental sentinels within the airway 
epithelium, whereas glomus cells (neural-crest-derived) monitor arterial oxygen tension. This 
evolutionary transition from externally located to internally integrated oxygen sensing represented 
a critical step toward precise physiological self-regulation in air-breathing vertebrates. [31–34] 

Regeneration and Developmental Plasticity. Beyond their role in gas exchange, gCap cells serve as 
endothelial progenitors essential for vascular repair. Following injury, a transient population of stem-
like endothelial cells regenerates both gCap and aerocyte populations, restoring capillary integrity 
and function. [27,28] This regenerative capacity underscores the dynamic, rather than static, nature 
of the alveolar microvasculature. 

Endothelial specification depends on tightly regulated signaling networks and developmentally 
programmed alternative-splicing events, particularly around birth. These mechanisms support the 
rapid transition to air breathing and ensure optimal postnatal gas-exchange efficiency. [26,35,36] 

Developmental Conservation and Biomechanical Innovation. These evolutionary refinements are 
recapitulated during embryogenesis, where conserved signaling pathways—including Wnt, FGF, 
Notch, and GRα-dependent glucocorticoid signaling—govern the emergence of specialized 
respiratory subtypes. [24,35] This recurrence highlights deep conservation of developmental logic, 
even as structural complexity increased. 

The mammalian bronchial tree and acinar architecture are optimized for space-filling branching 
geometry, minimal diffusion distance, and maximal gas-exchange surface area—principles that trace 
back to the primitive vascular transport systems of early metazoans. [37] 
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Complementing these structural refinements, the evolution of the muscular diaphragm 
introduced a major biomechanical innovation. Negative-pressure ventilation enabled high-volume 
tidal breathing, sustained aerobic metabolism, and decoupling of respiration from locomotion—
forming the physiological foundation of endothermy. [5] 

These structural and biochemical innovations occurred in parallel with the progressive 
evolutionary specialization of GR signaling from its ancestral corticoid receptor. As developed 
further in section 2, this molecular coevolution provided an endocrine framework that integrated 
respiratory development with metabolic and stress adaptation, culminating in coordinated lung 
maturation, surfactant production, and oxygen homeostasis. (Figure 2). 

2.5. Cellular Crosstalk and Structural Complexity 

Building on both evolutionary adaptations and developmental processes, the mature respiratory 
system exhibits remarkable cellular heterogeneity and functional plasticity, supporting lifelong 
capacities for defense, adaptation, and repair. Advances in single-cell RNA sequencing (scRNA-seq) 
and lineage-tracing approaches demonstrated that respiratory cell populations engage in continuous, 
bidirectional communication across the lifespan, actively remodeling tissue architecture and function 
in response to metabolic needs and environmental challenges. [38–40] 

The airway and alveolar epithelia comprise multiple specialized cell types—secretory, ciliated, 
basal, and ionocyte populations—each contributing uniquely to barrier integrity, environmental 
sensing, and immune coordination. Disruption of epithelial–mesenchymal signaling or imbalances 
within epithelial cell subpopulations underlie many chronic and infectious respiratory diseases. 
[39,42] Beyond the epithelium, mesenchymal, immune, vascular, and neuroendocrine cells display 
substantial phenotypic diversity and exhibit context-dependent reprogramming, highlighting the 
adaptive versatility of the respiratory microenvironment. [41–43] 

Single-cell and lineage-tracing studies have further demonstrated that distinct stem and progenitor 
populations sustain homeostasis and orchestrate regeneration following injury. Epithelial cells can 
undergo lineage transitions, while fibroblasts and endothelial cells dynamically modulate their 
activation state in response to stress, exemplifying multi-lineage plasticity that underlies effective tissue 
repair. [39,44] Together, these stem and progenitor populations display context-dependent plasticity 
that supports both routine homeostasis and effective regeneration after injury. [38] 

Cellular crosstalk among epithelial, mesenchymal, endothelial, and immune lineages is essential 
for coordinating lung growth, the physiologic transition to air breathing at birth, and post-injury 
repair. The respiratory immune network is spatially compartmentalized, with distinct programs in 
the upper versus lower airways—an evolutionary adaptation that protects delicate gas-exchange 
surfaces while maintaining mucosal tolerance. [42] Finally, integrative control extends to the neural 
level: specialized serotonergic neuron subtypes within the brainstem are developmentally 
programmed to regulate distinct components of respiratory rhythm, chemosensitivity, and 
ventilatory drive. [45] 

2.6. Summary and Evolutionary Significance 

From its origins in aquatic respiration to the highly specialized alveolated lungs of mammals, 
the respiratory system exemplifies an evolutionary continuum shaped by rising energy demands and 
the transition to terrestrial life. Structural adaptation and repurposing of ancestral gills, integrated 
with conserved developmental signaling networks, enabled the emergence of specialized epithelial, 
endothelial, and neuroendocrine lineages that sustain oxygen homeostasis and metabolic resilience. 
These same pathways, refined through evolution, continue to govern lung growth, postnatal 
adaptation, and regenerative repair throughout life. The mature respiratory system’s cellular 
heterogeneity and dynamic crosstalk reflect the culmination of these evolutionary and 
developmental processes—forming an integrative design that unites efficient gas exchange with 
lifelong adaptability, robust immune defense, and ongoing structural renewal. Figure 1 summarizes 
the major cellular and structural innovations underpinning this evolutionary progression, from 
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ancestral gill-based respiration to the specialized alveolar architecture of mammals. Understanding 
these evolutionary principles provides a unifying framework for interpreting congenital lung 
disorders, improving the management of acute and chronic respiratory diseases, and guiding 
strategies to restore respiratory homeostasis across the spectrum of critical illness. [4,7,12,15,38] 

The evolutionary innovations that enabled efficient oxygen uptake and metabolic stability also 
required the emergence of equally sophisticated regulatory systems to coordinate stress responses, 
energy distribution, and tissue maturation. Among these, the GRα signaling network evolved as a 
central integrative mechanism linking environmental stress to cellular and systemic adaptation. Its 
progressive specialization closely paralleled the evolution of the vertebrate respiratory apparatus, 
aligning oxygen sensing, metabolic regulation, and developmental control into a unified framework 
that sustains homeostasis across diverse environmental and physiological transitions. 

3. The Evolution of Glucocorticoid Signaling and Its Role in Shaping Vertebrate 
Respiratory Adaptation 

The GRα, a ligand-activated transcription factor, evolved early in vertebrates from a common 
ancestral corticoid receptor shared with the mineralocorticoid receptor (MR). Gene duplication and 
subsequent sequence divergence produced a receptor with increasingly selective sensitivity to 
glucocorticoids, enabling more precise regulation of stress adaptation, energy balance, and oxygen 
homeostasis. [46–48] 

Throughout vertebrate evolution, GRα signaling became increasingly integrated with hypoxia-
sensing pathways, particularly the hypoxia-inducible factor 1-alpha (HIF-1α) system. This 
bidirectional crosstalk allows GR to modulate HIF-1–dependent transcription under hypoxic 
conditions, while hypoxia and HIF-1α activity reciprocally influence GRα’s regulatory capacity. GR 
activation can stabilize HIF-1α by suppressing the Von Hippel–Lindau (pVHL) complex, further 
linking stress-response and oxygen-sensing networks. [49–52] 

The emergence of this integrated GR–HIF system was pivotal for the vertebrate transition to 
terrestrial life, providing a molecular framework that coupled environmental stress detection to 
coordinated metabolic, immune, and respiratory adaptation. Building on these evolutionary 
foundations, subsequent sections explore how glucocorticoid signaling continues to coordinate 
respiratory development, immune regulation, and metabolic resilience. This integrative framework 
is depicted in Figure 2, which traces the emergence and specialization of GR signaling in parallel with 
vertebrate respiratory adaptation. 

3.1. Evolutionary Emergence of GR and Its Functional Integration 

The GR evolved from an ancestral corticoid receptor shared with the mineralocorticoid receptor 
(MR) through gene duplication and structural diversification, enabling selective responsiveness to 
glucocorticoid and more precise regulation of stress adaptation and metabolic control. [46,47,53] This 
molecular innovation coincided with the vertebrate transition from aquatic to terrestrial life, when 
tight regulation of inflammation, vascular tone, and surfactant synthesis became critical for efficient 
gas exchange and survival in fluctuating oxygen environments. [54,55] Over evolutionary time, 
permissive mutations, receptor-domain specialization, and the emergence of species-specific 
isoforms increased the sensitivity and functional breadth of glucocorticoid signaling, deepening 
GRα’s integration with endocrine, immune, and respiratory pathways. [48,56,57] Collectively, these 
evolutionary advances established GRα as a central regulatory axis capable of sustaining homeostasis 
during metabolic demand, inflammatory challenge, and environmental stress. [54,55] 

3.2. GR Regulation of Lung Development: Evidence from Genetic Models 

The GR is indispensable for lung maturation and perinatal adaptation in mammals. Global GR 
knockout mice die at birth from respiratory failure, exhibiting marked structural immaturity, 
impaired alveolar formation, and persistent cellular proliferation. [58,59] These mice also fail to 
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develop adrenal chromaffin cells, resulting in the absence of the critical catecholamine surge required 
for lung fluid clearance, surfactant release, and cardiovascular stabilization at birth. [58,60] 
Collectively, these findings demonstrate that GR coordinates pulmonary, endocrine, and vascular 
maturation—integrating respiratory, metabolic, and hemodynamic transitions essential for 
successful extrauterine life. 

Conditional knockout models have clarified the tissue-specific mechanisms. Loss of GR in lung 
mesenchymal cells reproduces the global knockout phenotype, confirming that mesenchymal GR is 
critical for epithelial–mesenchymal crosstalk and proper alveolar differentiation. [23,59,61] 
Mesenchymal GRα limits excessive cell proliferation, regulates fibroblast differentiation, and 
supports extracellular matrix (ECM) organization, including elastin and versican synthesis—both 
required for alveolar septation. [62,63] By coordinating growth and differentiation programs across 
epithelial, mesenchymal, and vascular compartments, GRα ensures synchronized morphogenesis 
and functional readiness of the perinatal lung. 

3.3. Molecular Pathways Under GR Control in Developing Lung 

GR orchestrates key molecular programs that coordinate cell proliferation, ECM remodeling, 
and surfactant synthesis during lung development. GRα suppresses midkine (Mdk), a pro-
proliferative growth factor, while inducing p21^CIP1, a cyclin-dependent kinase inhibitor that halts 
cell division and promotes differentiation. [64,65] In parallel, GRα represses versican (Vcan)—a large 
chondroitin sulfate proteoglycan that drives mesenchymal expansion—and induces ADAMTS12, a 
protease mediating Vcan turnover, thereby maintaining balanced ECM remodeling and promoting 
alveolar septation. [62,64,65] Together, these coordinated actions ensure controlled mesenchymal 
growth, proper elastin deposition, and orderly alveolar septation—processes that are disrupted when 
GRα is absent. 

At the epithelial interface, GR directly enhances transcription of surfactant proteins (SP-A, SP-
B) and the ABCA3 lipid transporter, functionally preparing alveolar type II cells for efficient gas 
exchange and lamellar body formation. [66–69] This ABCA3–surfactant module is illustrated in 
Figure 2. GR expression peaks late in gestation, coinciding with the fetal cortisol surge and the onset 
of surfactant production, marking a critical window of glucocorticoid sensitivity required for 
perinatal respiratory readiness. [68,70] 

Beyond its critical developmental functions, GRα expression persists across multiple pulmonary 
cell types, providing ongoing coordination among structural, vascular, immune, and metabolic 
processes that maintain respiratory homeostasis (Table 2, Representative Cell Populations Expressing 
GRα Across the Respiratory System and Their Principal Regulatory Functions Supporting Pulmonary 
Homeostasis). [22,67,69,71–86] This broad distribution across pulmonary cell types underscores GRα’s 
ongoing function as an integrative regulator coordinating epithelial, mesenchymal, endothelial, and 
immune pathways essential for lifelong respiratory homeostasis. 

Table 2. Representative Cell Populations Expressing GRα Across the Respiratory System and Their Principal 
Regulatory Functions Supporting Pulmonary Homeostasis. 

Cell / Structure GRα expression Principal GRα-supported functions for pulmonary homeostasis 
Ciliated airway 
epithelial cells 

Yes 
Supports epithelial differentiation and mucociliary clearance programs; coordinates anti-

inflammatory transcriptional responses with NF-κB. [22,102,104] 
Goblet/secretory 

cells 
Indirect 

regulation 
Modulates mucin dynamics and epithelial defense during infection/inflammation. 

[72,103]  
Conducting 

airway epithelium 
(bulk) 

Yes 
GR–NF-κB cooperation to repress inflammatory genes; clock-dependent control of 

epithelial inflammatory tone. [104,191,192]. 

Alveolar type II 
(AT2) cells 

Yes 
Induces/coordinates surfactant system (SP-B, SP-C, SP-A, ABCA3); tunes mRNA stability 

and promoter activity. [175–180] 

Alveolar type I 
(AT1) cells 

Yes (lower than 
AT2, context-
dependent) 

Barrier support and maturation; tight-junction integrity and permeability control. 
[34,184,186] 
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Alveolar 
epithelium 

(barrier function, 
general) 

Yes 
Rapid/non-genomic ion transport effects relevant to fluid balance; circadian gating of GC 

action on inflammation. [191,226,227] 

Pulmonary 
endothelial cells 

Yes 
Vascular homeostasis; Wnt/β-catenin restraint; angiogenesis control; regeneration 

programs after injury [27,73,74,105,107] 
Airway smooth 
muscle (ASM) 

Yes 
Anti-proliferative/anti-hypertrophic signaling; synergism with β2-agonists; modulation 

of EGFR signaling and transcriptome. 

Mesenchyme / 
fibroblasts & ECM 

Yes 
(developmental 

and adult) 

Guides mesenchymal differentiation for morphogenesis; regulates ECM remodeling and 
fibroblast activation programs. [13,63,115,116,239] 

Alveolar 
macrophages 

(AM) 
Yes 

GR-mediated repression of inflammatory pathways (e.g., p38 MAPK); gene-specific 
repression of inflammatory programs. [199,200,202] 

Interstitial 
macrophages (IM) Yes 

Nerve-associated/regulatory IM subsets; antigen handling and local immune regulation 
under homeostasis. [119,122–124] 

Lung epithelial 
cells (antigen 
presentation, 

immune 
orchestration) 

Yes 
Antigen presentation to shape CD4⁺ TRM and barrier immunity; integration with 

UPR/AP pathways during stress. [121,157] 

Lymphatic 
endothelial cells 

(LECs) 

Yes (contextual 
evidence) 

Immune tolerance/antigen scavenging; PD-L1–mediated T-cell regulation; lymphatic 
function in resolution of inflammation/ARDS. [126,128,130,136]. 

Respiratory 
microbiome–
epithelium 
interface* 

— 
GR programs intersect with epithelial–microbiome crosstalk shaping local immunity and 

homeostasis. [148,158,159] 

Developmental 
lung 

compartments 
(summary) 

Widespread 
(cell-type 
specific) 

GR controls branching/maturation and cell-lineage decisions; GR loss disrupts epithelial 
proportions and viability. [69,90–92]. 

Legend: Glucocorticoid receptor alpha (GRα) is expressed across epithelial, endothelial, mesenchymal, and 
immune compartments of the lung, integrating hormonal, metabolic, and inflammatory cues to sustain 
respiratory homeostasis. Through coordinated genomic and non-genomic mechanisms, GRα promotes epithelial 
differentiation and surfactant synthesis, strengthens endothelial and barrier integrity, modulates airway tone, 
regulates extracellular-matrix remodeling, and reprograms macrophage inflammatory activity. In lymphatic and 
stromal networks, GRα signaling contributes to immune tolerance and efficient resolution of inflammation. 
Collectively, these actions preserve gas-exchange efficiency, prevent fibrosis, and maintain pulmonary stability 
during development, adaptation, and stress. * The interface row summarizes processes at the mucosal surface 
rather than a single cell type. Abbreviations: GRα, glucocorticoid receptor alpha; AM, alveolar macrophage; 
AP-1, activator protein-1; ASM, airway smooth muscle; AT1/AT2, alveolar type I / type II epithelial cells; β2-AR, 
beta2-adrenergic receptor; ECM, extracellular matrix; EGFR, epidermal growth factor receptor; GILZ, 
glucocorticoid-induced leucine zipper; HIF, hypoxia-inducible factor; IM, interstitial macrophage; LEC, 
lymphatic endothelial cell; MAPK, mitogen-activated protein kinase; NF-κB, nuclear factor kappa-light-chain-
enhancer of activated B cells; PD-L1, programmed death-ligand 1; SP-A/B/C, surfactant proteins A, B, and C; 
TGF-β, transforming growth factor beta; TLR, Toll-like receptor; TRM, tissue-resident memory T cell; UPR, 
unfolded protein response; Wnt, Wingless-related integration-site signaling pathway. 

Collectively, these findings demonstrate how GRα integrates structural maturation with 
endocrine timing to ensure a seamless transition from fetal to postnatal respiration. This coordinated 
developmental strategy not only enables survival at birth but also reflects an evolutionary mechanism 
in which hormonal signaling anticipates physiologic demands, orchestrates organ maturation, and 
adapts respiratory function to environmental change. This organizing principle is further developed 
in the next section. 
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3.4. Evolutionary and Translational Implications 

The indispensability of GRα for perinatal respiratory adaptation reflects strong evolutionary 
selection for endocrine programs that anticipate parturition and proactively prepare the fetus for the 
abrupt transition to air breathing. Clinically, this same principle underlies the use of antenatal 
glucocorticoids to patients at risk of preterm delivery, which accelerates the final maturation steps 
necessary for effective pulmonary gas exchange. [22,67,69] 

Recent evidence underscores the need for greater precision in translating this evolutionary 
principle to clinical care. Findings from both animal and human studies demonstrate that therapeutic 
efficacy depends critically on the timing, dosage, and appropriate patient selection, emphasizing the 
importance of defined gestational-age windows, dosing limits, and the avoidance of non-indicated 
exposure. Emerging data on long-term neurodevelopmental vulnerability further highlight the 
importance of aligning treatment with GRα’s intrinsic developmental timing and tissue-specific 
sensitivity. [23,87,88] Moreover, dysregulation of GRα signaling during critical developmental 
windows may imprint enduring susceptibility to chronic respiratory diseases such as asthma and 
COPD—reinforcing the importance of balancing short-term perinatal gains with consideration of 
lifelong outcomes. [89] 

Section Summary and Translational Implications 

In summary, GRα exemplifies an evolutionary innovation that bridges endocrine signaling with 
respiratory adaptation. The emergence of glucocorticoid signaling represents a pivotal turning point 
in vertebrate evolution, enabling the development of complex respiratory structures required for 
terrestrial life. In the mammalian lung, GRα regulates proliferation, differentiation, and tissue 
architecture through coordinated mesenchymal–epithelial crosstalk and precise transcriptional 
control. Its evolutionary conservation and proven clinical relevance underscore GRα’s central role 
not only in developmental physiology but also in preserving and restoring respiratory homeostasis 
across acute, chronic, and critical illness. 

4. Glucocorticoid Receptors in Fetal Lung Development and Respiratory Function 

GC signaling through the GRα is essential for the proper development and maturation of the 
fetal respiratory tract. This pathway regulates a broad spectrum of cellular processes, including 
mesenchymal and epithelial cell differentiation, progenitor proliferation, ECM remodeling, and 
surfactant production—laying the foundation for effective postnatal respiration. In the following 
section, we explore how GRα integrates these diverse developmental programs into a coordinated 
regulatory network that prepares the lung for birth and supports the abrupt transition to extrauterine 
life. 

4.1. Mesenchymal Differentiation and Epithelial-Mesenchymal Crosstalk 

GRa signaling within pulmonary mesenchymal cells is indispensable for the differentiation of 
proliferative mesenchymal progenitors into matrix-producing fibroblasts and for orchestrating 
epithelial–mesenchymal crosstalk during lung development. This differentiation process coordinates 
mesenchymal maturation with ECM remodeling and activation of signaling pathways—including 
VEGF, JAK-STAT, and WNT—that guide alveolar epithelial progenitors toward mature type I (AT1) 
and type II (AT2) lineages. [23,63,90] 

Targeted deletion of GRα in mesenchymal cells prevents the transition of mesenchymal 
progenitors into matrix fibroblasts, resulting in defective ECM-gene expression (Fn1, Col16a4, Eln), 
excessive proliferation of SOX9⁺ epithelial progenitors, and failure of AT1/AT2 maturation. [23,61,91] 
These defects highlight the non-cell-autonomous regulatory influence of mesenchymal GRα on 
epithelial differentiation and lung morphogenesis. 

By coordinating matrix remodeling and paracrine signaling (see Section 2.3), mesenchymal GRα 
ensures balanced growth and proper alveolar septation. [61,62] Conversely, deletion of GRα in 
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epithelial or endothelial compartments has relatively minimal structural effect, underscoring the 
dominant regulatory role of mesenchymal GRα in coordinating epithelial differentiation through 
paracrine signaling. [63,92] This compartment-specific hierarchy indicates that mesenchymal GRα 
functions as a central organizer of developmental signaling, integrating extracellular matrix 
dynamics with epithelial lineage progression. 

Together, these GRα-driven programs integrate matrix remodeling with growth-factor balance 
to ensure coordinated mesenchymal differentiation and epithelial maturation. [23,93] 

4.2. Transcriptional Regulation and Surfactant Synthesis 

Glucocorticoids modulate gene expression in the developing lung by activating the GR, which 
directly binds to DNA and recruits coactivators to regulate key transcriptional programs. GR 
activation induces expression of transcriptional regulators such as Hif3a and Zbtb16, which are 
essential in cytoskeletal organization and epithelial progenitor maturation during fetal lung 
development. [94] 

GC-GR signaling also promotes autophagy and surfactant synthesis by upregulating critical 
autophagy-related genes, including Becn1, Atg7, and Lc3b. These genes facilitate lamellar body 
biogenesis, enabling the proper storage and secretion of surfactant proteins at birth. Recent studies 
have shown that the CCAAT/enhancer-binding proteins (C/EBPs)—a family of basic leucine-zipper 
transcription factors (notably C/EBPα and C/EBPβ)—act as key partners of GR, binding to CCAAT 
motifs in surfactant-gene promoters and coordinating terminal differentiation of alveolar type II cells. 
C/EBPs cooperate with GR to recruit steroid receptor coactivators SRC-1 and SRC-2, thereby 
amplifying transcriptional responses essential for surfactant production and alveolar maturation. [95] 

Moreover, SRC-1/2 double-deficient fetal mice exhibit reduced expression of 11β-
hydroxysteroid dehydrogenase type 1 (11β-HSD1), further limiting local GC activation and 
downstream gene transcription. These findings emphasize that optimal surfactant synthesis depends 
not only on GR activation but also on the integrity of its coactivator network, underscoring a 
multilayered regulatory system that prepares the fetal lung for extrauterine life. [95,96] 

4.3. Effects of GR Deficiency by Cell Type 

Loss of mesenchymal GR causes severe lung immaturity, characterized by impaired fibroblast 
and epithelial differentiation and disruption of alveolar septation. [59,63] These findings demonstrate 
that mesenchymal GR signaling is the primary driver of lung morphogenesis, regulating epithelial–
mesenchymal interactions that shape alveolar architecture. In contrast, epithelial-specific GR deletion 
increases epithelial proliferation and interferes with the maturation of alveolar type I (AT1) cells, 
while overall lung structure remains largely intact. [59,69] This indicates that epithelial GR primarily 
supports terminal epithelial differentiation rather than governing broader architectural patterning 
within the developing lung. Finally, endothelial-specific GR deletion produces minimal 
developmental abnormalities, suggesting that GR signaling within the pulmonary endothelium plays 
a comparatively minor role during fetal maturation. [59,60] 

4.4. Broader Developmental and Systemic Roles 

Beyond the lung, GR signaling helps coordinate organ development and metabolic 
preparedness for postnatal life. Within the lung, GR regulates alveolar epithelial composition by 
promoting differentiation into AT1 cells, which are critical for efficient gas exchange. In GR-null mice, 
this differentiation is disrupted, leading to a higher proportion of AT2 cells and fewer AT1 cells, 
thereby compromising respiratory transition at birth. These findings highlight the central role of GR 
in establishing the cellular structure of the lung and overall readiness for life outside the womb. 

As discussed in Section 2.4 (“Evolutionary and Translational Implications”), understanding the 
developmental timing and tissue specificity of GRα signaling is essential for translating these 
mechanisms into safe and effective clinical practice. From a translational perspective, clinical 
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management should emphasize gestationally appropriate timing and avoid unnecessary repeat 
dosing, linking antenatal steroid administration to coordinated neonatal follow-up of neurocognitive 
and respiratory outcomes. Future research should refine gestational windows of GRα sensitivity, 
establish clearer dose–response relationships along the lung–brain axis, and develop biomarkers that 
distinguish beneficial acceleration of maturation from maladaptive developmental programming. 
[22,23,87,89] 

Developmental Implications 

GR signaling functions as a master regulator of fetal lung development, integrating 
mesenchymal–epithelial communication, ECM remodeling, surfactant synthesis, and vascular 
coordination to ensure structural and functional readiness for air breathing. Disruption of this 
pathway leads to profound defects in lung architecture and gas-exchange capacity, compromising 
neonatal survival and underscoring GR’s indispensable role in fetal transition to extrauterine life. 
Collectively, these developmental functions illustrate how GRα operates as a unifying endocrine 
regulator that anticipates physiologic demands, synchronizes organ maturation, and establishes the 
foundation for lifelong respiratory resilience. 

5. The Respiratory System: Complexity, Architecture, and Biofunctional Beauty 

The respiratory system is an intricately organized, multicellular network in which epithelial, 
endothelial, immune, and stromal cells operate in precise spatial coordination to support air filtration, 
gas exchange, and host defense. A defining feature of this system is the near-universal expression of 
GRα, a nuclear receptor that adjusts gene expression in response to stress, inflammation, and 
metabolic cues. By integrating signals across cell lineages, GRα enables rapid adaptation to infection, 
hypoxia, and injury, positioning it as a central regulator of respiratory resilience and homeostasis. 

This section outlines the structural and functional organization of the respiratory tract—
spanning epithelial diversity, alveolo-capillary design, mucosal immunity, vascular and interstitial 
networks, respiratory musculature, and gas-exchange regulation—to establish the framework within 
which GRα operates. Situating GRα within this architectural landscape underscores its essential role 
as both a mediator of stress responses and a unifying integrator of respiratory physiology. 

5.1. Anatomical and Functional Overview 

Evolved for both survival and adaptation, the human lung is one of biology’s most exquisitely 
engineered systems—an intricately ordered, multicellular network of extraordinary scale and 
precision. It is composed of an estimated 40 to 50 billion cells, including more than 11 billion epithelial 
and over 20 billion endothelial cells, which together establish the structural and functional backbone 
of respiratory physiology. [25,97,98] Across this cellular landscape, alveolar type I and II epithelial 
cells, specialized capillary endothelial subsets (aerocytes and gCap cells), ciliated and secretory 
airway cells, and diverse immune and stromal populations are organized in highly precise spatial 
networks that enable continuous air filtration, gas exchange, and host defense. 

As reviewed in the next section, nearly every cell within this intricate system expresses the GRα. 
This nuclear receptor not only responds to systemic glucocorticoid signals but also serves as a central 
integrator of cellular homeostasis, modulating gene expression in response to stress, inflammation, 
and metabolic demand. Through coordinated, cross-compartment signaling among epithelial, 
endothelial, immune, and stromal compartments, GRα aligns respiratory function with systemic 
homeostasis, allowing rapid and efficient adaptation to infection, hypoxia, and injury. This 
widespread, lineage-spanning expression underscores GRα’s role as a unifying regulatory hub that 
connects cellular behavior to organism-level physiologic demands. 

Together, these interconnected components provide the framework for understanding how GRα 
coordinates adaptive and protective responses across the diverse cell populations of the lung—a 
theme explored further in Section 4.2. This architectural overview establishes the anatomical and 
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functional context needed to understand GRα’s integrative role in maintaining respiratory stability 
across health and disease. 

5.2. Structural-Functional Integration 

The respiratory tract exhibits a finely tuned structural organization in which form and function 
are tightly interwoven to optimize air conduction and gas exchange. It is generally divided into the 
conducting zone—comprising the nasal passages, pharynx, larynx, trachea, and bronchi—and the 
respiratory zone, which includes the bronchioles and alveoli. [99] The conducting tract primarily 
conditions inspired air by warming, humidifying, and filtering it, while the respiratory zone enables 
efficient gas exchange across a large alveolar surface lined with type I and type II alveolar epithelial 
cells. [100,101] These epithelial cells not only facilitate passive diffusion of oxygen and carbon dioxide 
but also contribute to host defense by secreting pulmonary surfactants, especially SP-A and SP-B, 
which lower alveolar surface tension and boost antimicrobial activity. [72] Depending on lung 
inflation status, the total alveolar surface area ranges from approximately 70 to 100 square meters, 
providing a large interface for gas exchange. [97] 

The airway epithelium comprises ciliated, goblet, basal, and club cells, which collectively 
support mucociliary clearance, secrete protective mucins, and maintain epithelial barrier integrity. 
The mucociliary escalator functions through the coordinated activity of motile cilia and mucus layers 
to transport inhaled particles toward the oropharynx. MUC5AC and MUC5B, secreted by goblet and 
submucosal gland cells, respectively, create a biochemical trap that captures pathogens and promotes 
their removal. This first line of defense is further enhanced by antimicrobial peptides, collectins, and 
immunoglobulins, providing broad-spectrum innate immune protection. These epithelial and 
mucosal defenses are dynamically regulated by GRα signaling, which fine-tunes mucin production, 
strengthens tight-junction integrity, and calibrates cytokine responses to maintain a balanced 
immune environment. [102–104] 

Beneath the epithelial layer, the alveolo-capillary interface enables efficient gas exchange across 
a thin barrier composed of type I pneumocytes and pulmonary capillary endothelial cells. Recent 
research has shown that the capillary endothelium is not a uniform structure but consists of two main 
specialized endothelial subsets: aerocytes and general capillary (gCap) endothelial cells (Gillich et al., 
2020; Schupp et al 2020). [25,105] Aerocytes, unique to the lung, are extremely thin with minimal 
cytoplasm, reducing the diffusion distance for oxygen and carbon dioxide and thereby optimizing 
gas exchange. They also support immune surveillance by facilitating leukocyte trafficking across the 
alveolar-capillary barrier during inflammation. [25,106] 

In contrast, gCap cells are more abundant and play complementary roles in regulating vascular 
tone, mediating angiocrine signaling, and supporting endothelial repair. [25,27] These cells function 
as progenitors that aid in capillary regeneration after injury and communicate locally through 
paracrine signals with nearby epithelial and immune cells. Additionally, gCap cells release 
angiocrine factors that shape tissue responses and help maintain lung homeostasis, a role increasingly 
recognized in single-cell studies. [98,107] The functional compartmentalization between aerocytes 
and gCap cells highlights the complexity of the alveolar microvasculature and demonstrates how 
structural specialization supports both efficient gas exchange and adaptive immune responses. As 
discussed in the next section, these endothelial functions are further regulated by GRα signaling, 
which coordinates responses to environmental and inflammatory stress. 

To further clarify the structure and function of the alveolo-capillary interface, researchers have 
developed organ-on-chip models and advanced 3D imaging platforms that accurately reproduce the 
biomechanical and cellular environment of the alveolus. These systems support co-culture of 
epithelial and endothelial cells, simulate cyclic breathing mechanics, and enable real-time 
visualization of responses to pathogens, mechanical forces, and therapeutic interventions. [108,109] 
Such technologies provide powerful insights into epithelial barrier integrity, immune-cell dynamics, 
and regenerative signaling within the alveolar niche, effectively bridging the gap between in vivo 
physiology and translational disease modeling. 
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5.3. Pulmonary Vasculature Architecture and Function 

The pulmonary vasculature is a complex and extensive network of arteries, capillaries, and veins 
arranged in sequence, built to support efficient gas exchange and respond to changing ventilation-
perfusion requirements. This high-compliance, low-resistance system allows significant increases in 
blood flow with minimal pressure fluctuations—especially important during physical activity or 
under hypoxic conditions. [110,111] 

This extensive capillary network surrounds the alveoli, with each alveolus tightly connected to 
a dense web of capillaries, ensuring optimal efficiency in gas exchange. The total length of capillaries 
in the human lung is estimated to range from 2,746 km to 6,950 km, depending on the stereological 
assumptions. [112] These vessels are very narrow—about 6–8 µm in diameter—requiring red blood 
cells to pass in a single file. This configuration increases the surface area of RBC–endothelium contact 
and optimizes oxygen and carbon dioxide diffusion by minimizing the diffusion distance and 
maximizing exposure time. [25,113] 

As discussed in Section 3.2, advanced imaging has revealed that the alveolar capillary network 
comprises specialized endothelial subsets, including aerocytes and gCap cells, which facilitate gas 
exchange, modulate vasomotor tone, and coordinate immune signaling. [25,27,105] This structural 
specialization enables the lung to rapidly adapt to metabolic demands and inflammatory challenges. 
As detailed in Section 3.5, these processes are further regulated by GRα signaling, which maintains 
pulmonary vascular homeostasis. 

5.4. Pulmonary Interstitium: The Lung’s Immuno-Structural Interface 

The pulmonary interstitium, once viewed merely as connective scaffolding, is now recognized 
as a highly dynamic compartment that integrates mechanical support, immune regulation, fluid 
balance, and tissue repair. It occupies the space between the alveolar epithelium and capillary 
endothelium, extending into the peribronchial and perivascular regions, and forms a continuous 
network of extracellular matrix (ECM), interstitial fibroblasts, pericytes, immune cells, and 
lymphatics. This compartment significantly contributes to lung compliance and elasticity, enabling 
the parenchyma to deform during respiration while maintaining alveolar integrity. 

Extracellular matrix (ECM) and fibroblast dynamics. The ECM—rich in elastin, collagen, 
proteoglycans, and glycoproteins—is produced and remodeled by interstitial fibroblasts in response 
to injury, mechanical stress, and cytokine signaling. [114–116] This remodeling balances tensile 
strength with flexibility, enabling repetitive mechanical stretch without structural failure. 

Pericytes, immune cells, and lymphatic vessels cooperate with fibroblasts to regulate immune 
signaling, interstitial fluid clearance, and tissue repair. [117–119] By integrating mechanical cues with 
biochemical signaling, the ECM–fibroblast network maintains tissue stability while permitting 
adaptive remodeling under stress. Disruption of this regulatory balance promotes pathological 
fibrosis, edema, and impaired gas exchange. [120] 

Interstitial immune surveillance and immune quiescence. The lung interstitium serves as a critical 
immune surveillance zone, hosting resident memory T cells, interstitial macrophages (IMs), dendritic 
cells, and innate lymphoid cells (ILCs). These immune cells detect pathogens and tissue injury while 
limiting inflammation that could damage alveolar structures. [121,122] Unlike alveolar immune cells, 
interstitial immune populations are strategically positioned to regulate inflammation without 
directly disrupting gas exchange. IMs, distinct from alveolar macrophages, are positioned along 
alveolar walls and vasculature, where they modulate immune tone through IL-10 and TGF-β 
production, supporting tissue homeostasis. [119,123,124] This positioning allows IMs to function as 
sentinels that fine-tune inflammation at the epithelial–vascular interface, limiting collateral injury 
during immune activation. 

Pulmonary lymphatics: fluid balance and immune regulation. The lymphatic network within the 
pulmonary interstitium is essential for lung fluid balance and immune surveillance. It provides 
continuous drainage of interstitial fluid, plasma proteins, immune cells, and macromolecules —
preventing pulmonary edema and preserving lung compliance. [118,125,126] 
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Beyond fluid homeostasis, pulmonary lymphatics actively regulate immunity by transporting 
antigens, dendritic cells, and immune mediators to regional lymph nodes, thereby initiating and 
shaping adaptive immune responses. [127,128] 

Lymphatic endothelial cells (LECs) are not passive conduits but active immunoregulatory cells. 
They release cytokines and chemokines, present antigens via MHC molecules, and regulate leukocyte 
migration through inhibitory molecules, such as PD-L1, which restrain T-cell activation and promote 
immune tolerance. [129–132] 

For CD8⁺ T cells, LECs present peripheral tissue antigens (PTAs) without costimulation, 
inducing deletion or anergy via MHC-I and PD-L1 signaling. [130–132] For CD4⁺ T cells, LECs 
function as antigen reservoirs, transferring antigens to dendritic cells that promote T-cell anergy or 
regulatory T-cell differentiation. [133] 

Microbial sensing and mechanical regulation. Emerging evidence indicates that LECs may respond 
to signals from the lung microbiota, potentially linking lymphatic function to host-microbe 
interactions and immune adaptation. Although direct lung-specific data remain limited, LEC 
expression of pattern-recognition receptors (e.g., TLRs) supports this regulatory potential. [134,135] 

LECs are sensitive to mechanical cues such as stretch and shear stress, which may regulate 
lymphangiogenesis and immune signaling under physiological and during mechanical ventilation. 
Lymphatic remodeling occurs during chronic inflammation, altering drainage capacity and immune 
regulation. During neonatal transition, pulmonary lymphatics play a vital role in clearing fetal lung 
fluid, enabling effective air breathing. [136,137] These insights position pulmonary lymphatics as a 
potentially modifiable therapeutic target across acute and chronic lung diseases. 

Disruption of lymphatic drainage or LEC function leads to fluid retention, chronic inflammation, 
and disease progression in ARDS, COPD, and pulmonary fibrosis—highlighting pulmonary 
lymphatics as a modifiable therapeutic target across acute and chronic lung disease. 

Stromal–immune crosstalk and GRα regulation. Stromal–immune interactions within the lung 
interstitium are tightly regulated by paracrine signaling from fibroblasts, epithelial cells, vascular 
endothelium, and immune populations. Stromal cells secrete chemokines (e.g., CCL2, CXCL10), 
cytokines (e.g., IL-6, IL-1β), and ECM components that shape immune recruitment, activation, and 
differentiation. [138–143] Immune cells reciprocally influence stromal phenotype and function, 
creating feedback loops that calibrate inflammation and tissue repair. [144,145] This bidirectional 
signaling ensures immune responsiveness without destabilizing lung architecture. 

Glucocorticoid receptor alpha (GRα), as reviewed in section 5, plays a central role in modulating 
cytokine production, immune cell recruitment, and tissue repair dynamics. While lung-specific 
stromal studies remain limited, evidence from non-pulmonary models demonstrates that stromal 
GRα is essential for glucocorticoid-mediated anti-inflammatory responses. In arthritis models, 
deletion of GRα in fibroblast-like synoviocytes abolished glucocorticoid efficacy despite intact GRα 
in immune cells—highlighting the dominant regulatory role of stromal GR. [146] These findings 
strongly suggest that similar GRα-dependent stromal–immune mechanisms operate within the 
pulmonary interstitium. In this setting, GRα signaling regulates fibroblast phenotype, ECM dynamics, 
immune quiescence, and cytokine feedback—particularly by modulating IL-6 family cytokines and 
TGF-β signaling. [81,139] 

Through these integrated actions, stromal GRα preserves lung architecture under stress, 
promotes inflammation resolution, and prevents maladaptive remodeling and fibrosis—positioning 
it as a central regulator of interstitial homeostasis and a promising therapeutic target in both acute 
and chronic lung disease. [73,82,147] 

5.5. Immune and Microbial Surveillance 

Lung immunity is orchestrated by a complex network of epithelial cells, immune cells, and the 
resident microbiome that together maintain homeostasis at the air–tissue interface. 
Epithelial cells act not only as physical barriers but also as active immune sentinels, detecting 
pathogens through pattern-recognition receptors (PRRs) and initiating antimicrobial and regulatory 
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responses. They secrete cytokines, chemokines, and antimicrobial peptides that recruit and instruct 
resident and circulating immune cells—such as alveolar macrophages, dendritic cells, neutrophils, 
and T lymphocytes—and thereby coordinate innate and adaptive immune defenses. [148–155] 

This epithelial–immune crosstalk is bidirectional: immune cells, in turn, send feedback signals 
that influence epithelial phenotype, barrier integrity, and inflammatory resolution. Depending on the 
context, these exchanges promote either immune tolerance or chronic inflammation. [153,156,157] By 
regulating both activation and resolution programs, epithelial cells help maintain barrier stability 
and prevent immune-mediated tissue damage. [151,152] 

The lung microbiome—a dynamic community of commensal microorganisms—adds a third 
regulatory layer that modulates immune tone, maintains tolerance, and enhances resistance to 
pathogens. [148,158] Microbial metabolites and cell-wall components interact with epithelial and 
immune receptors to calibrate inflammatory thresholds and sustain mucosal equilibrium. When this 
microbial balance is disturbed—by antibiotics, infection, or environmental stressors—immune 
signaling becomes dysregulated, increasing susceptibility to infection and chronic inflammatory lung 
diseases. [159–161] 

Together, this tripartite surveillance system—epithelial signaling, immune activation, and 
microbial modulation—forms the foundation of respiratory immune homeostasis. Disruption of any 
single component—or of their coordination—can shift the system from balanced immunity to 
pathological inflammation or impaired defense. Understanding this integrated framework is 
essential for developing therapeutic strategies that restore tolerance, resolve inflammation, and 
strengthen mucosal defenses. [148,156,158] 

5.6. Respiratory Musculature and Mechanics 

Breathing is driven by the rhythmic contraction of the primary and accessory respiratory 
muscles, which work together to create the pressure gradients needed for air movement. Under 
resting conditions, quiet breathing is maintained by the coordinated activity of the diaphragm and 
external intercostal muscles. In contrast, the accessory muscles—such as the sternocleidomastoid and 
scalene—are recruited during increased ventilatory demand, including physical exertion, speech, or 
respiratory distress. [162–164] These muscle groups contain a high proportion of oxidative, fatigue-
resistant fibers—especially in the diaphragm—allowing them to contract continuously throughout 
life. However, this endurance comes with a cost: prolonged metabolic stress, systemic inflammation, 
or increased ventilatory demand can lead to respiratory-muscle fatigue and weakness, which may 
contribute to respiratory failure in critical illness. [165] 

Neural regulation of breathing is orchestrated by a distributed brainstem network that integrates 
chemical and mechanical feedback. Central chemoreceptors located near the ventrolateral medulla 
detect elevations in arterial CO₂ (PCO₂) and accompanying reductions in pH, thereby increasing 
respiratory motor output to restore gas-exchange homeostasis. [166] The retrotrapezoid nucleus 
(RTN) serves as a key chemosensory hub within this network, interacting with the pre-Bötzinger 
complex, which generates the inspiratory rhythm, and pontine-medullary centers that modulate 
phase transitions between inspiration and expiration. The nucleus of the solitary tract (NTS) 
integrates afferent input from peripheral chemoreceptors and mechanoreceptors, relaying these 
signals to spinal motor neurons that drive the diaphragm and intercostal muscles, ensuring 
coordinated and adaptive respiratory effort. [167] 

This finely tuned neural control system ensures respiratory muscles respond effectively to 
changing physiological demands. However, its efficiency can be compromised in pathological 
conditions where increased mechanical load, inflammation, or disrupted neural signaling 
progressively reduce muscle performance and coordination. In diseases such as chronic obstructive 
pulmonary disease (COPD) and neuromuscular disorders, altered motor recruitment patterns, 
increased load, and reduced endurance capacity weaken respiratory muscle function, leading to 
impaired ventilation and dyspnea. [168] 
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As described in later sections, GRα signaling opposes these maladaptive processes by 
maintaining mitochondrial bioenergetics, redox balance, and calcium homeostasis in respiratory and 
accessory muscles. By sustaining ATP generation, limiting oxidative injury, and stabilizing 
excitation–contraction coupling, GRα enhances contractile endurance and supports adaptive 
responses to heightened metabolic and mechanical stress. 

Beyond its cell-specific roles summarized in Table 2, GRα orchestrates integrated signaling 
networks that link the airway, vascular, mesenchymal, immune, and muscular compartments of the 
lung into a unified regulatory system. Through these interconnected pathways, GRα coordinates 
cellular metabolism, inflammatory control, and structural maintenance to preserve respiratory 
stability under stress. Table 3 (Functional Integration of GRα Signaling Across Pulmonary 
Compartments) outlines the main cross-compartmental actions and key molecular mediators 
through which GRα maintains pulmonary homeostasis, supports repair, and promotes adaptive 
resilience across the respiratory system. 

Table 3. Functional Integration of GRα Signaling Across Pulmonary Compartments. 

Pulmonary compartment Principal GRα actions Key molecular 
mediators 

Functional outcome 

Airway epithelium [1–4] 
Induces surfactant system; restores 

epithelial tight junctions; represses NF-κB 
and AP-1 pathways 

SP-B, SP-C, ABCA3, 
claudin-8, occludin, 

GILZ 

Enhanced mucosal 
defense and epithelial 

repair 

Pulmonary endothelium [5–7] 
Restrains Wnt/β-catenin activation; 

maintains eNOS–NO signaling; limits 
vascular leak 

GR–Wnt interaction, 
eNOS, caveolin-1 

Preserved endothelial 
integrity and reduced 

edema.  

Airway and vascular smooth 
muscle [4,8–10] 

Reduces hyperresponsiveness; enhances β2-
adrenergic responsiveness; limits EGFR-

driven remodeling 

β2-AR, KLF15, 
DUSP1, MAPK 

pathway 

Bronchodilation and 
controlled vascular tone. 

Mesenchyme  
fibroblast [11–13] 

Modulates TGF-β–Smad axis; limits 
collagen I/III synthesis; promotes matrix 

turnover 

Versican, IL-6, DUSP1, 
PPARγ 

Controlled ECM 
remodeling and anti-

fibrotic balance 

Alveolar and interstitial 
macrophages [4,14,15] 

Represses pro-inflammatory genes; induces 
GILZ and MKP-1; drives resolution 

programs 

GILZ, DUSP1, IL-10, 
PD-L1 

Inflammatory resolution 
and tissue protection 

Lymphatic endothelium [16–18] 
Promotes immune tolerance and antigen 

clearance; coordinates fluid drainage 
PD-L1, FOXC2, 

VEGFR-3 

Resolution of 
inflammation and 
edema prevention 

Respiratory muscles and 
mitochondria [4,19] 

Supports oxidative phosphorylation, redox 
balance, and ATP generation 

PGC-1α, KLF9, mt-
GR, SOD2 

Sustained ventilatory 
capacity and metabolic 

resilience 

Legend: Table 3. Functional Integration of GRα Signaling Across Pulmonary CompartmentsGRα integrates 
endocrine, metabolic, and immune cues across all major pulmonary compartments. Within the airway 
epithelium, it induces surfactant synthesis and restores junctional integrity; in the endothelium, it restrains 
Wnt/β-catenin signaling and preserves vascular barrier function. GRα limits smooth-muscle hyperreactivity, 
modulates fibroblast activation and extracellular-matrix turnover, and reprograms macrophage responses 
toward resolution. In lymphatic and stromal networks, GRα promotes immune tolerance and fluid drainage, 
while in respiratory muscles and mitochondria it sustains oxidative phosphorylation and redox balance. These 
concerted actions maintain gas-exchange efficiency, reduce fibrosis, and uphold pulmonary homeostasis during 
development, adaptation, and stress recovery. Abbreviations: GRα, glucocorticoid receptor alpha; ABCA3, 
ATP-binding cassette subfamily A member 3; AP-1, activator protein-1; β2-AR, beta2-adrenergic receptor; 
DUSP1, dual-specificity phosphatase 1; ECM, extracellular matrix; EGFR, epidermal growth factor receptor; 
eNOS, endothelial nitric oxide synthase; FOXC2, forkhead box C2; GILZ, glucocorticoid-induced leucine zipper; 
IL-6/IL-10, interleukins 6 and 10; KLF9/15, Krüppel-like factors 9 and 15; MAPK, mitogen-activated protein 
kinase; MKP-1, MAPK phosphatase-1; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; 
NO, nitric oxide; PD-L1, programmed death-ligand 1; PGC-1α, peroxisome proliferator-activated receptor-
gamma coactivator 1α; PPARγ, peroxisome proliferator-activated receptor gamma; SOD2, superoxide 
dismutase 2; SP-A/B/C, surfactant proteins A, B, and C; TGF-β, transforming growth factor beta; VEGFR-3, 
vascular endothelial growth factor receptor 3; Wnt, Wingless-related integration-site signaling pathway. 
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5.7. Gas Exchange and Developmental Adaptation 

Efficient gas exchange depends on a large alveolar surface area, an exceptionally thin diffusion 
barrier, and accurate ventilation–perfusion (V/Q) matching, all maintained through continuous 
alveolar and microvascular development. The processes of alveolarization and capillary expansion 
extend well into postnatal life, improving both gas exchange efficiency and the lung’s capacity for 
structural repair. [97,169] Oxygen and carbon dioxide passively move across the alveolar–capillary 
interface, where red blood cells serve as efficient carriers for gas transport. The systemʹs effectiveness 
depends on precise ventilation–perfusion (V/Q) matching, which is primarily regulated by hypoxic 
pulmonary vasoconstriction (HPV), directing blood flow away from poorly ventilated regions 
toward those with optimal aeration. [170] This adaptive vasomotor response preserves arterial 
oxygenation during regional lung dysfunction and exemplifies the finely tuned coupling between 
ventilation, perfusion, and microvascular signaling 

Functional Integration of Respiratory Homeostasis 

The respiratory system functions as a complex and highly integrated network that coordinates 
airway architecture, vascular dynamics, immune surveillance, and microbial symbiosis. Its 
impressive ability to detect, respond, and adapt to environmental and physiological challenges 
reflects both its evolutionary development and innate resilience. Disruption of any structural or 
regulatory component—epithelial, immune, vascular, or muscular—can destabilize the entire system, 
emphasizing its delicate balance and essential integrative function. 

Many of these adaptive and homeostatic processes are regulated by the endocrine system, 
especially glucocorticoids acting through the GRα. GC-GRα signaling influences key respiratory 
functions—surfactant production, immune response, vascular tone, epithelial repair, and interstitial 
remodeling—linking molecular signals with tissue-level adaptation. By coordinating these processes 
across diverse cell populations, GRα provides a unifying regulatory framework that supports 
structural integrity, metabolic efficiency, and immune balance throughout the respiratory tract. 

The broad distribution and cell-specific actions of GRα throughout the respiratory tract are 
summarized in Table 2, which illustrates how this receptor coordinates structural integrity, immune 
balance, and functional homeostasis across diverse pulmonary cell types. Recognizing this integrated 
regulatory system is essential for understanding how the respiratory tract adapts to stress, 
inflammation, and injury—and for designing targeted therapeutic strategies that restore 
physiological balance and preserve lung function. 

6. GC-GRα Signaling Regulation of Lung Function: Integrating Gas Exchange, 
Barrier Integrity, Fluid Clearance, and Inflammatory Control 

Having established the structural and cellular organization of the respiratory system, this section 
now examines how glucocorticoid (GC)–glucocorticoid receptor alpha (GRα) signaling governs 
pulmonary function through coordinated molecular and physiological mechanisms. GRα acts as a 
master transcriptional regulator of respiratory homeostasis, coordinating a variety of processes 
essential for maintaining efficient lung performance throughout life. Beyond its developmental role 
in lung maturation, GRα continues to regulate airway reactivity, surfactant synthesis, immune 
balance, vascular coupling, epithelial integrity, and alveolar fluid clearance. Together, these 
interconnected actions work to preserve gas exchange efficiency, structural integrity, and 
adaptability in response to inflammation, oxidative stress, or environmental challenges. This section 
explores how GRα signaling connects these physiological subsystems, integrating insights from 
developmental biology, cellular signaling, and translational research. 

6.1. Glucocorticoid Receptor Regulation of Tracheobronchial Tree and Airway Tone Regulation 

The GC-GRα signaling pathway is crucial for controlling airway smooth muscle (ASM) tone 
through its combined anti-inflammatory, bronchodilatory, and antiproliferative effects—
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mechanisms that explain how glucocorticoids work in asthma. When activated, GRα reduces ASM 
contraction by lowering intracellular calcium, decreasing muscarinic and histamine receptor activity, 
and inhibiting the inflammatory induction of bradykinin B2 receptors. [76,171] Concurrently, GRα 
promotes smooth muscle relaxation by increasing β₂-adrenoceptor expression and stimulating 
Na⁺/K⁺-ATPase activity, thereby improving membrane repolarization and aiding airway dilation. 
[77,78] 

To counter airway hyperresponsiveness, GRα induces MAPK phosphatase-1 (MKP-1/DUSP1), 
which deactivates pro-contractile MAPK signaling and suppresses ASM proliferation and 
hypertrophy through KLF15- and PLCD1–dependent transcriptional regulation. [78,172,173] 
Additionally, GRα limits cytokine and chemokine production—such as IL-6 and CXCL8—in the 
airway wall, thereby restoring immune balance and reducing local inflammation. Emerging evidence 
indicates that airway smooth muscle cells can produce local glucocorticoids and dynamically 
regulate GR expression, potentially contributing to sustained airway homeostasis and steroid 
responsiveness. [174] Together, these integrated genomic and non-genomic mechanisms explain the 
therapeutic effectiveness of glucocorticoids in asthma—keeping the airways open, reducing 
hyperresponsiveness, and lowering disease severity. 

6.2. Glucocorticoid Receptor Regulation of Surfactant Production and Airspace Patency 

The GRα is indispensable for preparing the lung for air breathing at birth. It provides gene-
specific regulation of pulmonary surfactant homeostasis, especially during late gestation and the 
early postnatal transition to air breathing. Inside alveolar type II (AT2) epithelial cells, GRα activates 
coordinated transcriptional networks that promote the production of surfactant proteins (SPs) and 
lipid transporters, which are needed for alveolar stability and optimal lung compliance after delivery. 
One of the most critical GRα targets, the ATP-binding cassette transporter A3 (ABCA3), is essential 
for the formation of lamellar bodies—specialized intracellular organelles that package, store, and 
secrete surfactant lipids and proteins. Through direct interaction with a glucocorticoid-response 
element (GRE) in the ABCA3 promoter, GRα upregulates ABCA3 mRNA and protein expression, 
thereby increasing intracellular surfactant reserves in preparation for postnatal air breathing. This 
ABCA3–surfactant module is shown in Figure 2. During late gestation, ABCA3 expression increases 
significantly, ensuring sufficient surfactant production and alveolar patency during the transition 
from liquid to gas respiration. [175] 

Surfactant proteins B (SP-B) and C (SP-C), which lower alveolar surface tension and prevent 
collapse at end-expiration, are also induced by glucocorticoids through GRα-dependent 
transcriptional activation. SP-B expression increases quickly and independently of new protein 
synthesis, indicating a primary, direct genomic effect of GRα. Conversely, SP-C induction is delayed 
and relies on secondary GR-responsive cofactors that facilitate epithelial differentiation and 
maturation. [63,176,177] Beyond transcriptional control, GRα also enhances SP-B mRNA stability via 
3′-UTR–dependent mechanisms, thereby sustaining surfactant protein availability during the critical 
perinatal window. [178] 

Surfactant protein A (SP-A) exhibits a distinctive biphasic regulatory pattern—initially 
increasing, then decreasing after prolonged glucocorticoid exposure. This adaptive transcriptional 
switch is regulated by GRα-dependent recruitment of histone deacetylase 2 (HDAC2) and associated 
local chromatin condensation, which together fine-tune SP-A expression and prevent excessive 
surfactant buildup in the alveolar space. [179–181] 

Recent transcriptomic studies confirm that antenatal glucocorticoid signaling via GRα 
orchestrates a broad developmental program in the fetal lung—linking surfactant production with 
lipid metabolism, mitochondrial biogenesis, and antioxidant defenses. This network prepares the 
lung for the sudden oxidative and mechanical challenges of extrauterine life. [63,182,183] Through 
these precisely timed GRα-regulated processes, the fetal lung achieves the structural, metabolic, and 
functional maturity needed for alveolar expansion, effective gas exchange, and continued postnatal 
breathing. Clinically, this GRα-driven cascade explains the well-known effectiveness of antenatal 
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corticosteroid therapy, which speeds up fetal lung development and greatly lowers the risk and 
severity of neonatal respiratory distress syndrome (RDS). 

6.3. Glucocorticoid Receptor Regulation of Alveolar-Capillary Barrier Integrity and Interstitial Homeostasis 

The alveolar–capillary barrier maintains selective permeability between airspaces and the 
circulation, ensuring efficient gas exchange while preventing fluid transudation. In acute lung injury 
(ALI) and ARDS, disruption of this barrier leads to plasma leakage, interstitial and alveolar edema, 
and severe hypoxemia. GC-GRα signaling acts as a central homeostatic defense system that preserves 
barrier integrity by reinforcing junctional complexes, reducing cytoskeletal tension, and attenuating 
inflammation. 

Through both genomic and non-genomic actions, GRα stabilizes tight junctions, modulates 
actomyosin contractility, and reduces inflammatory injury. In experimental models, dexamethasone 
decreases myosin light-chain kinase (MLCK) and myosin light-chain 2 (MLC2) phosphorylation 
while increasing zonula occludens-1 (ZO-1) and claudin-8 expression, thereby enhancing epithelial 
cohesion and limiting tumor necrosis factor-alpha (TNF-α)–induced permeability. [184–186] These 
molecular effects restore barrier selectivity and decrease paracellular fluid leakage under 
inflammatory conditions. [184,185] 

Beyond barrier stabilization, GRα promotes epithelial repair and interstitial homeostasis. By 
interacting with developmental transcription factors such as signal transducer and activator of 
transcription 3 (STAT3), GRα facilitates alveolar progenitor differentiation and epithelial 
regeneration following injury. [90] Loss of epithelial GRα impairs junctional structure, enhances 
cytokine expression, and slows recovery, confirming its dual role in maintaining barrier integrity and 
orchestrating tissue repair. [187,188] 

During fetal development, GRα guides the maturation of the alveolar–capillary interface, 
coordinating epithelial, endothelial, and mesenchymal differentiation. GRα deficiency leads to 
thickened alveolar septa, decreased lung compliance, and impaired gas exchange, while antenatal 
corticosteroid therapy activates GR-responsive transcriptional networks that assemble junctional 
proteins and extracellular matrix components vital for postnatal lung. [90,185,189] 

Collectively, these findings identify GRα as a key regulator of alveolar integrity and interstitial 
homeostasis. By coordinating structural, inflammatory, and reparative processes, GRα maintains 
fluid balance and prevents pulmonary edema—mechanisms that explain the well-known clinical 
effectiveness of corticosteroid therapy in both acute respiratory distress syndrome (ARDS) and 
preterm lung maturation. 

6.4. Glucocorticoid Receptor Regulation of Pulmonary Lymphatics 

Glucocorticoid receptors, especially GRα, are essential regulators of lung lymphatic and 
immune functions, functioning at the intersection of hormonal signaling, circadian rhythms, and 
immune cell trafficking. In T lymphocytes and other immune cells, GR activation influences their 
development and effector functions, ultimately affecting lung immune responses. [83] A central anti-
inflammatory mechanism involves GR-mediated suppression of IL-1-induced IL-6 production in 
lung fibroblasts, achieved through both transcriptional repression and post-transcriptional 
regulation, thereby reducing cytokine-driven inflammation. [190] 

Beyond direct cytokine regulation, GRs influence the spatial distribution of immune cells 
through circadian mechanisms. GRα signaling increases interleukin-7 receptor (IL-7R) and C-X-C 
chemokine receptor type 4 (CXCR4) expression in T cells, promoting their rhythmic migration 
between the lungs, blood, and lymphoid organs, thereby supporting adaptive immunity in 
synchrony with the body’s diurnal cycle. [84] In pulmonary epithelial cells, GR binding to the CXCL5 
gene exhibits rhythmicity, regulating chemokine production and driving time-of-day-specific 
neutrophil recruitment. These circadian and endocrine mechanisms work together to coordinate 
pulmonary immunity, linking GR activation to the local molecular clock that controls leukocyte 
trafficking and the timing of inflammation. [191] 
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Recent transcriptomic and mechanistic studies further demonstrate that GRα signaling regulates 
pulmonary vascular and lymphatic permeability through crosstalk with Wnt/β-catenin and nuclear 
factor-κB (NF-κB) pathways, enhancing endothelial stability and limiting inflammatory leak. [73,192] 
The function of GRα is fine-tuned by post-translational modifications such as phosphorylation and 
by co-regulatory proteins, including Merm1 (Mediator of ERBB2-driven cell motility 1), which 
amplify GRα transcriptional activity and determine steroid responsiveness within inflamed tissues. 
[193,194] Disruption of these co-regulators—or of circadian integrity—can weaken GRα activity, 
leading to glucocorticoid resistance and impaired inflammation resolution. [195] 

At the protein-interaction level, GRα binds with caveolin-1 in pulmonary tissue to regulate the 
transcription of anti-inflammatory genes; however, the absence of caveolin-1 does not eliminate GRα-
mediated inflammatory suppression in vivo, indicating that specific GRα cofactor interactions are 
modulatory rather than strictly indispensable. [196] 

Taken together, GRα signaling coordinates multiple layers of pulmonary immunity and 
lymphatic balance by regulating cytokine production, immune cell localization, vascular tone, and 
circadian rhythms. These integrated actions form the physiological basis for the strong anti-
inflammatory and immunomodulatory effects of glucocorticoids in respiratory diseases, while also 
explaining how disruptions in GRα co-regulators or circadian rhythms can diminish therapeutic 
benefits. 

6.5. Glucocorticoid Receptor Regulation of Alveolar Immune Responses and Inflammatory Signaling 

The alveolar compartment acts as a primary immunological interface, continuously exposed to 
airborne pathogens, allergens, and environmental stressors. Maintaining functional homeostasis at 
this interface requires precise coordination between host defense and inflammation control. GRα 
signaling serves as a central regulator of this balance, integrating genomic and non-genomic 
programs that suppress excessive inflammation, support epithelial and immune-cell repair, and limit 
collateral tissue injury. [55] 

At the core of alveolar inflammatory regulation are two transcription factors—nuclear factor 
kappa B (NF-κB) and activator protein-1 (AP-1)—which drive expression of numerous pro-
inflammatory cytokines and chemokines. Their activation in alveolar epithelial cells and 
macrophages promotes production of IL-8, IL-1β, and TNF-α, leading to neutrophil recruitment and 
barrier dysfunction. [197,198] GRα counteracts these pathways through multiple complementary 
mechanisms. It directly tethers to NF-κB and AP-1, interferes with their transcriptional activity, and 
induces inhibitory phosphatases such as dual-specificity phosphatase 1 (DUSP1). GRα also activates 
anti-inflammatory mediators, including glucocorticoid-induced leucine zipper (GILZ) and IL-10, 
converging on suppression of cytokine transcription and promotion of inflammatory resolution. 
[199–201] This layered repression allows inflammation to be restrained without abolishing essential 
host-defense programs. 

Macrophage polarization and immune resolution. In alveolar macrophages, NF-κB activation 
promotes polarization toward a classically activated, pro-inflammatory (M1-like) phenotype 
characterized by high cytokine output and tissue injury. GRα signaling opposes this shift and 
facilitates transition toward an M2-like reparative phenotype. By repressing NF-κB and inhibiting 
p38 MAPK activity, GRα induces IL-10 expression and promotes macrophage programs associated 
with tissue repair, efferocytosis, and the resolution of inflammation. [202,203] This phenotypic 
reprogramming restores immune balance while limiting excessive fibrosis and preserving alveolar 
architecture. 

Recent transcriptomic studies further demonstrate that GR activation in alveolar macrophages 
induces the release of soluble Toll-like receptor 2 (TLR2), which functions as a decoy receptor to 
dampen inflammatory signaling. [204] This mechanism provides an additional layer of innate 
immune modulation that restrains excessive pattern-recognition receptor activation. 

Epithelial–immune integration and GRα signaling fidelity. In alveolar epithelial cells, GRα signaling 
is modulated by extracellular stress-response pathways. Extracellular heat shock protein 70 (HSP70) 
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acting through TLR4, enhances GRα expression and signaling capacity. This interaction amplifies 
anti-inflammatory and antioxidant programs during epithelial stress. 

Context-dependent specificity of GRα signaling is further achieved through receptor 
phosphorylation and interaction with co-regulatory proteins. GRα partners with Mediator of ERK-
activated MAPK1-interacting protein 1 (Merm1), GR-interacting protein 1 (GRIP1), and 
transcriptional intermediary factor 2 (TIF2), which refine transcriptional accuracy and influence 
glucocorticoid sensitivity. These co-regulators help determine whether GRα signaling promotes 
resolution versus resistance in inflamed tissues. 

Barrier repair and immune containment. In addition to transcriptional immune regulation, GRα 
directly supports epithelial barrier repair following inflammatory injury. By reducing myosin light-
chain kinase (MLCK) activity and phosphorylation of myosin light chain 2 (MLC2), while increasing 
expression of tight-junction proteins such as zonula occludens-1 (ZO-1) and claudin-8, GRα restores 
junctional integrity and limits paracellular fluid leak. [184,186] These structural effects complement 
GRα’s anti-inflammatory actions, coupling immune resolution with physical barrier restoration. By 
integrating control of inflammation, macrophage phenotype, epithelial integrity, and transcriptional 
fidelity, GRα maintains alveolar immune balance and prevents progression from adaptive 
inflammation to tissue-damaging pathology. 

Clinical Relevance and Integrative Perspective 

Collectively, GRα signaling plays a dual and highly adaptive role in alveolar immunity. It 
suppresses harmful inflammation through transcriptional interference and phosphatase induction, 
while simultaneously promoting epithelial repair and macrophage-mediated resolution. These 
coordinated actions provide a mechanistic foundation for the proven clinical effectiveness of 
corticosteroids in acute respiratory distress syndrome (ARDS) and severe pneumonia. Importantly, 
this framework explains why therapeutic benefit depends on preserved GRα signaling capacity and 
appropriate timing, rather than nonspecific immunosuppression—reinforcing the concept of GRα as 
a homeostatic regulator rather than a blunt anti-inflammatory agent. 

6.6. Glucocorticoid Receptor Regulation of Cardiopulmonary Vascular Coupling and Endothelial Homeostasis 

Glucocorticoid receptors (GRs) are central regulators of cardiovascular and pulmonary 
homeostasis, coordinating both genomic and non-genomic signaling pathways across 
cardiomyocytes, vascular smooth muscle, and endothelial cells. Upon activation by endogenous 
glucocorticoids, GRα modulates gene networks controlling vascular tone, metabolic efficiency, stress 
adaptation, and immune balance. [80,205] Genomic GRα signaling governs the transcription of 
structural, metabolic, and anti-inflammatory genes that are crucial for maintaining vascular and 
myocardial resilience. In contrast, non-genomic pathways—initiated by membrane-associated GR 
complexes—trigger rapid calcium fluxes and kinase activation, thereby regulating vascular resistance 
and myocardial excitability. [206,207] 

Within vascular tissues, GRα signaling preserves hemodynamic stability and structural integrity 
through cell-specific actions. In smooth muscle, GRα activation enhances catecholamine 
responsiveness, supporting rapid vasoconstriction during stress and maintaining perfusion pressure. 
In endothelial cells, GRα not only upregulates endothelial nitric oxide synthase (eNOS) and nitric 
oxide (NO) production but also represses Wnt/β-catenin–driven inflammatory and angiogenic 
signaling, thereby maintaining endothelial quiescence and vascular integrity. [73,79,205] Loss of 
endothelial GRα amplifies Wnt signaling and autophagy-mediated crosstalk, leading to excessive 
angiogenesis, vascular leak, and fibrotic remodeling. [74] These dual actions—enhancing contractile 
responsiveness while restraining inflammation—maintain vascular tone and protect against fibrosis 
and barrier dysfunction, thereby preserving efficient cardiopulmonary vascular coupling. 

In cardiomyocytes, GRα signaling controls calcium handling, mitochondrial function, and 
sarcomere structure, supporting excitation–contraction coupling and myocardial recovery after stress. 
[207,208] The dynamic balance between GRα and mineralocorticoid receptor (MR) signaling is 
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pivotal: while GRα provides cardioprotective, anti-inflammatory, and anti-fibrotic effects, unchecked 
MR activation leads to hypertrophy, fibrosis, and hypertension. Pharmacologic MR antagonists 
restore GRα dominance and mitigate cardiorenal and age-related vascular dysfunction. [209,210] 

Circadian and epigenetic mechanisms dynamically regulate GRα activity in the heart and 
vasculature. GRα signaling follows daily cortisol rhythms, aligning vascular tone, cardiac excitability, 
and metabolic flow with the sleep–wake cycle. The CLOCK–BMAL1 complex, a key part of the 
molecular circadian clock, controls rhythmic gene transcription and interacts directly with GRα to 
adjust its cortisol responsiveness over 24 hours. Through these interactions, GRα synchronizes 
cardiovascular and metabolic functions with systemic circadian cues, supporting adaptive 
performance across different physiological states. Epigenetic modifications—including chromatin 
remodeling and DNA methylation—further fine-tune GRα sensitivity and gene expression, 
maintaining the alignment of vascular tone and cardiac excitability with environmental and 
metabolic demands. 

In the pulmonary vasculature, GRα signaling plays a crucial role in maintaining endothelial 
barrier integrity during inflammation. Activation of GRα within lung endothelial cells strengthens 
tight-junction complexes, reduces vascular permeability, and protects the alveolar–capillary interface 
from inflammatory injury. [75] Conversely, diminished GRα activity during systemic stress—such as 
endotoxemia or sepsis—leads to endothelial destabilization, vascular leak, pulmonary edema, and 
impaired gas exchange. These coordinated mechanisms show how GRα signaling protects both 
systemic and pulmonary vascular health. By coordinating transcriptional regulation, vascular 
reactivity, barrier integrity, and anti-inflammatory control, GRα serves as a central hub of 
cardiopulmonary homeostasis and a key therapeutic target in vascular and inflammatory disease. 

6.7. Glucocorticoid Receptor Regulation of Mitochondrial Function and Oxidative Balance 

GRα directly regulates mitochondrial metabolism and redox homeostasis, coordinating cellular 
energy production with antioxidant defense to preserve tissue resilience under stress. This regulatory 
role is particularly critical in the lung, where continuous exposure to oxygen, mechanical stretch, and 
inflammation imposes high oxidative and bioenergetic demands. 

In pulmonary tissue, GRα activation upregulates antioxidant enzymes—most notably 
glutathione peroxidase 3 (GPx3)—through direct binding to glucocorticoid-response elements (GREs) 
within the GPx3 promoter. [211] This transcriptional control enhances pulmonary defense against 
reactive oxygen species (ROS) and limits oxidative injury to epithelial and endothelial cells. Although 
initially demonstrated in lung-derived and tumor cell models, accumulating evidence supports a 
comparable physiological role for GRα-mediated redox regulation in normal respiratory epithelium. 

Mitochondrial localization and genomic control. Beyond nuclear transcriptional effects, GRα exerts 
direct actions within mitochondria. Following activation, GRα can translocate into mitochondria and 
bind mitochondrial DNA at GRE-like sequences. Through this interaction, GRα regulates 
transcription of genes encoding oxidative phosphorylation (OXPHOS) complexes, mitochondrial 
ribosomal proteins, and metabolic enzymes. [183,212–214] 

GRα also interacts with mitochondrial proteins such as Bcl-2 and pyruvate dehydrogenase 
(PDH), linking hormonal signaling to apoptosis control, calcium handling, and the metabolic shift 
from glycolysis toward OXPHOS. Mitochondrial import of GRα is facilitated by chaperones 
including Hsp70, Hsp90, Bag-1, and FKBP51, enabling context-dependent mitochondrial signaling 
that aligns energy production with stress adaptation. [215] These mechanisms position GRα as a 
direct regulator of mitochondrial gene expression rather than a purely nuclear stress-response factor. 

Dose- and time-dependent metabolic effects. The metabolic effects of glucocorticoids follow a 
biphasic pattern. Acute or physiological GRα activation enhances mitochondrial respiration, 
membrane potential, and cell survival. In contrast, chronic or supraphysiologic glucocorticoid 
exposure promotes oxidative stress, mitochondrial depolarization, and apoptosis. [216,217] This 
dose- and time-dependence explains both the therapeutic effectiveness of glucocorticoids in acute 
stress and inflammation and the well-recognized toxicity associated with prolonged exposure. 
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Importantly, these divergent outcomes reflect regulatory imbalance rather than intrinsic 
mitochondrial toxicity of GRα signaling. 

GR isoforms and mitochondrial specialization. Distinct GR isoforms further diversify mitochondrial 
outcomes. While GRα supports oxidative balance and antioxidant defense, GRγ promotes 
mitochondrial biogenesis and ATP synthesis even in the absence of ligand binding, reflecting 
specialized, non-redundant control of mitochondrial energy metabolism. [218–220] These isoform-
specific actions highlight non-redundant control of mitochondrial energy metabolism within the 
glucocorticoid receptor family. 

Tissue-specific expression and alternative splicing of GR transcripts fine-tune glucocorticoid 
sensitivity and determine cell-type–specific metabolic responses. This regulatory diversity allows 
mitochondria to adapt energy production to local functional demands across pulmonary epithelial, 
endothelial, immune, and muscular compartments. 

Pathophysiological implications of mitochondrial GR dysregulation. Dysregulated mitochondrial GR 
signaling contributes to a broad spectrum of disease states, including cancer, immune dysfunction, 
neurodegeneration, and critical illness. In cancer models, mitochondrial GR overexpression promotes 
glycolytic reprogramming and increased tumor aggressiveness, whereas in immune cells it alters 
mitochondrial metabolism and contributes to glucocorticoid resistance. [215,221] In chronic stress 
states and metabolic disorders, disrupted GR–mitochondrial interactions impair oxidative balance, 
ATP synthesis, and cellular resilience. [222,223] 

Collectively, these findings establish GRα as a central regulator of mitochondrial efficiency and 
redox homeostasis. Physiological activation maintains energy balance and antioxidant capacity, 
whereas sustained dysregulation leads to oxidative stress, mitochondrial dysfunction, and loss of 
adaptive reserve. 

Integration with epithelial and barrier function. By sustaining mitochondrial ATP generation and 
redox balance, GRα provides the energetic foundation necessary for high-demand epithelial 
processes. These mitochondrial actions directly support the ion transport, junctional maintenance, 
and fluid-handling mechanisms examined in Section 5.8, where GRα governs airway hydration and 
postnatal alveolar fluid clearance. This energetic coupling links mitochondrial regulation to the 
epithelial barrier and fluid-control pathways examined in the following section, where GRα governs 
airway hydration and postnatal alveolar fluid clearance as part of an integrated homeostatic program. 

6.8. Glucocorticoid Receptor Signaling in Airway Hydration 

Glucocorticoid receptors (GRs), especially the GRα isoform, are crucial regulators of airway 
surface liquid (ASL) homeostasis and alveolar fluid clearance. Through both genomic and non-
genomic mechanisms, GR signaling maintains epithelial barrier integrity, ion transport, and the 
regulation of inflammation. In the airway epithelium, GRα activation increases claudin-8 expression, 
a tight-junction protein that prevents paracellular sodium leak and enhances epithelial cohesion, 
thereby helping maintain ASL volume. GRα also upregulates the expression of epithelial sodium 
channels (ENaC) and aquaporins, facilitating sodium and water absorption, which are vital for 
postnatal alveolar fluid clearance. [224] 

Conversely, GR signaling inhibits chloride-secreting pathways by downregulating CFTR (cystic 
fibrosis transmembrane conductance regulator) and NKCC1 (a sodium–potassium–chloride co-
transporter), shifting the lung from fluid secretion to absorption—a transition essential during fetal-
to-neonatal adaptation. [224] Beyond ion transport, GR suppresses pro-inflammatory cytokine 
production and activates anti-inflammatory genes, such as dual-specificity phosphatase 1 (DUSP1), 
which inhibits MAPK signaling, including through the HSP70-TLR4 axis—a pathway connecting 
heat-shock proteins and innate immune regulation. [225] 

Rapid, non-genomic GR actions further regulate airway hydration by rapidly inhibiting chloride 
secretion through modulation of K channels and secondary messenger pathways, independent of 
transcriptional activation [226,227] These mechanisms complement traditional GR-dependent gene 
regulation to maintain balanced ion transport and ASL composition. 
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GR function in the airway epithelium is also influenced by isoform expression and nuclear 
transport efficiency. While GRα mediates canonical glucocorticoid responses, GRβ can antagonize 
GRα or independently modulate cell migration, apoptosis, and cytokine expression, thereby shaping 
steroid resistance in airway disease. [194,228,229] Impaired nuclear import via importin-13 (IPO13) 
or reduced availability of co-regulators such as GRIP1 further limits GRα’s transcriptional efficacy 
and anti-inflammatory potency. [230,231] 

By maintaining airway hydration and epithelial stability, GRα preserves distal airway patency 
and efficient gas exchange. Section 5.9 then extends this framework to the systemic level, detailing 
how GRα regulates oxygen delivery and carbon dioxide removal. 

6.9. Glucocorticoid Receptor Regulation of Oxygenation and CO₂ Homeostasis 

GRs integrate hormonal stress responses with cellular oxygen sensing and mitochondrial energy 
metabolism, thereby coordinating the regulation of oxygen uptake and carbon dioxide (CO₂) 
elimination. GR signaling dynamically adjusts tissue metabolism and ventilation to match fluctuating 
oxygen availability during inflammation, hypoxia, or critical illness. 

At the cellular level, GRs engage in bidirectional crosstalk with hypoxia-inducible factors 
(HIFs)—key regulators of oxygen sensing and adaptation. Ligand-activated GR interacts with HIF-
1α and its cofactors to refine gene programs that control angiogenesis, glycolysis, and mitochondrial 
respiration. Depending on cell type and inflammatory or metabolic state, GR can suppress excessive 
HIF activation to prevent harmful angiogenesis or enhance HIF-dependent pathways to support 
tissue survival during hypoxia. This balance is crucial for maintaining vascular integrity, metabolic 
flexibility, and efficient oxygen delivery in inflammatory, ischemic, or high-altitude environments. 
[49,51] 

Beyond its nuclear role, GR translocates to mitochondria, where it binds mitochondrial DNA at 
GRE-like elements and regulates genes encoding oxidative-phosphorylation (OXPHOS) complexes 
and metabolic enzymes. [183,217] Through interactions with Bcl-2, pyruvate dehydrogenase, and 
other mitochondrial partners, GR stabilizes the membrane potential, reduces reactive oxygen species 
(ROS) formation, and coordinates aerobic metabolism with efficient CO₂ production. These 
mitochondrial actions integrate endocrine signaling with cellular bioenergetic demand, enhancing 
tissue oxygen utilization and redox balance. When GR–mitochondrial communication is disrupted, 
oxidative efficiency declines, resulting in hypoxemia, hypercapnia, and cellular energy failure—
hallmarks of severe systemic inflammation and shock. 

At the systemic level, GR maintains feedback regulation of the hypothalamic–pituitary–adrenal 
(HPA) axis, adjusting circulating glucocorticoid rhythms in response to hypoxia or hypercapnia. This 
endocrine feedback ensures adaptive respiratory drive, vascular tone, and substrate mobilization, 
aligning cellular respiration with organ-level gas exchange. By synchronizing metabolic rate, 
vascular reactivity, and ventilatory demand, GR signaling preserves acid–base balance and supports 
efficient CO₂ removal. [54] 

Collectively, these mechanisms establish GR as a key integrator of oxygen sensing, 
mitochondrial energy conversion, and ventilatory control. In parallel, GR signaling is essential for 
stress erythropoiesis—the rapid production of erythroid progenitors in response to anemia, hypoxia, 
or hemorrhage. Ligand-activated GR promotes the self-renewal of burst-forming-unit-erythroid 
(BFU-E) cells and their differentiation into colony-forming-unit-erythroid (CFU-E) cells, working 
together with erythropoietin receptor (EPO-R), c-Kit, and peroxisome proliferator-activated receptor-
α (PPARα) pathways to restore oxygen-carrying capacity. [232,233] This hematopoietic action 
ensures sufficient red-blood cell output and hemoglobin availability to sustain systemic oxygen 
transport and CO₂ removal under stress conditions. Clinically, these same GR-dependent 
mechanisms underlie the use of glucocorticoids to stimulate erythropoiesis in glucocorticoid-
responsive anemias, such as Diamond-Blackfan anemia, when erythropoietin alone is inadequate. 
[233] 
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By enhancing mitochondrial efficiency, preventing HIF overactivation, and stabilizing systemic 
glucocorticoid rhythms, GR signaling maintains optimal oxygenation and CO₂ clearance. 
Additionally, GR-dependent stimulation of erythroid progenitor expansion under hypoxic stress 
ensures sufficient oxygen-carrying capacity and systemic delivery, indirectly supporting whole-body 
O₂/CO₂ balance. [232,233] In acute respiratory illness, therapeutic activation of GR re-activates these 
adaptive pathways—restoring mitochondrial function, restraining inflammation, and improving gas-
exchange efficiency. [51,80,183] 

By enhancing mitochondrial efficiency, preventing HIF overactivation, and stabilizing systemic 
glucocorticoid rhythms, GR signaling maintains optimal oxygenation and CO₂ clearance. 
Additionally, GR-dependent stimulation of erythroid progenitor expansion under hypoxic stress 
ensures sufficient oxygen-carrying capacity and systemic delivery, indirectly supporting whole-body 
O₂/CO₂ balance. [232,233] In acute respiratory illness, therapeutic activation of GR re-activates these 
adaptive pathways—restoring mitochondrial function, restraining inflammation, and improving gas-
exchange efficiency. [51,80,183] 

By coordinating mitochondrial metabolism, oxygen utilization, and erythropoietic adaptation, 
GRα ensures that oxygen delivery and CO₂ clearance remain aligned with physiological demand. 
These systemic mechanisms set the stage for the next level of regulation: GRαʹs modulation of neural 
and hormonal pathways that govern ventilatory responses to hypoxia. Section 5.10 examines this 
higher-order control of respiratory drive and its critical role during environmental or pathological 
oxygen stress. 

6.10. Glucocorticoid Receptor Modulation of Hypoxic Ventilatory Response 

GR signaling exerts multilevel control over respiratory adaptation to hypoxia, coordinating 
neural, hormonal, and transcriptional pathways that modulate the hypoxic ventilatory response 
(HVR). Through these mechanisms, GR signaling fine-tunes respiratory drive, stabilizes gas 
exchange, and shapes individual variability in ventilatory adaptation. 

Experimental studies in neonatal rodents indicate that pharmacological blockade of GR—such 
as with mifepristone (RU-486), a mixed glucocorticoid and progesterone receptor antagonist—
augments HVR by increasing tidal volume during hypoxic exposure. This elevation primarily occurs 
in males, whereas females naturally exhibit a higher baseline ventilatory response, suggesting that 
sex-specific GR signaling shapes sex-specific central respiratory response circuits. Similar sex-linked 
sensitivity has been confirmed using selective GR antagonists (e.g., CORT113176), further 
underscoring the importance of hormonal and developmental context in respiratory control. [234] 

At the molecular level, GR signaling intersects with the hypoxia-inducible factor (HIF) pathway, 
creating a bidirectional regulatory axis that adjusts transcriptional programs for metabolism, 
angiogenesis, and stress resistance under low-oxygen conditions. Ligand-activated GR can either 
inhibit or promote HIF-1α-mediated transcription depending on cell type and metabolic state, thus 
maintaining redox balance while preventing maladaptive vascular or inflammatory responses. 
[51,235]lConceptually, this interaction aligns with the GR–HIF module illustrated in Figure 2. 

Hypoxia can reciprocally influence GR signaling: in some cell types, it upregulates GR 
expression and enhances anti-inflammatory activity, while in others (e.g., airway epithelium), it 
inhibits GR nuclear translocation and decreases glucocorticoid sensitivity. [80,236] This context-
dependent regulation helps explain why glucocorticoid effectiveness varies across conditions 
characterized by oxygen stress—including neonatal hypoventilation, pulmonary hypertension, and 
acute mountain sickness. 

Clinically, GR antagonism or dysregulation influences not only ventilation but also stress-
hormone release, insulin sensitivity, and immune cell trafficking during hypoxia, highlighting a 
broader systemic impact. Targeted modulation of GR pathways could therefore enhance ventilatory 
stability and mitigate inflammatory injury in hypoxia-related conditions. [51,237] 

The sequential activation of GRα-dependent programs described in Sections 5.1–5.10 follows a 
conserved temporal pattern (Table 4 Phase-Specific Roles of GRα in Pulmonary Homeostatic 
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Correction). During acute stress, adaptation, and recovery, GRα functions through distinct yet 
overlapping phases that align with the Priming, Modulatory, and Restorative stages of pulmonary 
homeostatic correction (reviewed in Reference 55). Together, these dynamic phase-specific actions 
define GRα as the central coordinator of homeostatic correction in the respiratory system, integrating 
inflammatory control, metabolic adaptation, and structural repair to restore efficient gas exchange 
and systemic stability. These phase-specific actions demonstrate how GRα integrates inflammatory 
control, metabolic adaptation, and structural repair to restore respiratory stability. Section 6 now 
turns to the molecular architecture of this system—detailing the regulatory mechanisms that shape 
GRα availability, nuclear translocation, transcriptional specificity, and therapeutic responsiveness. 

Table 4. Phase-Specific Roles of GRα in Pulmonary Homeostatic Correction. 

Homeostatic 
phase 

Dominant 
pulmonary targets Core GRα functions Key mediators Representative outcomes 

Priming 
phase 

Airway epithelium, 
macrophages 

Activates innate defense, surfactant 
synthesis, and cytokine control 

NF-κB repression, 
SP-B/SP-C, ABCA3 

Rapid containment of injury 
and restoration of gas exchange 

Modulatory 
phase 

Endothelium, 
fibroblasts 

Limits inflammation, stabilizes 
vascular barrier, and regulates ECM 

turnover 

GILZ, DUSP1, TGF-
β inhibition 

Reduced permeability, anti-
fibrotic remodeling 

Restorative 
phase 

Macrophages, 
epithelial and muscle 

cells 

Promotes resolution of 
inflammation, mitochondrial 

recovery, and tissue repair 

PGC-1α, IL-10, 
Annexin 1 

Structural recovery, endurance 
restoration, restored 

homeostasis 

Legend: Across the Priming, Modulatory, and Restorative phases of homeostatic correction, GRα dynamically 
re-balances immune, vascular, and metabolic activity. During the Priming phase, GRα supports immediate host 
defense and surfactant induction; in the Modulatory phase, it restrains inflammation and maintains endothelial–
stromal integrity; and in the Restorative phase, it promotes mitochondrial recovery, resolution of inflammation, 
and structural repair, ensuring full restoration of respiratory homeostasis. Abbreviations: GRα, glucocorticoid 
receptor alpha; ABCA3, ATP-binding cassette subfamily A member 3; DUSP1, dual-specificity phosphatase 1; 
ECM, extracellular matrix; GILZ, glucocorticoid-induced leucine zipper; IL-10, interleukin 10; NF-κB, nuclear 
factor kappa-light-chain-enhancer of activated B cells; PGC-1α, peroxisome proliferator-activated receptor-γ 
coactivator 1α; SP-B/SP-C, surfactant proteins B and C; TGF-β, transforming growth factor β. 

The systems-level interactions illustrated in Figure 4 position GRα as a core integrator of 
pulmonary homeostasis. Across airway, alveolar, endothelial, immune, neural, and metabolic 
domains, GRα coordinates rapid protective responses with sustained epithelial repair, vascular 
stability, and adaptive energy allocation. This integrated framework provides the mechanistic 
foundation for the concluding section, which examines how these coordinated actions underpin 
glucocorticoid clinical effectiveness and why preserving—or restoring—GRα function is increasingly 
recognized as critical in severe and critical illness. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 January 2026 doi:10.20944/preprints202601.0867.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.0867.v1
http://creativecommons.org/licenses/by/4.0/


 30 of 43 

 

 

Figure 4. Central Role of GRα in Coordinating Pulmonary and Whole-Body Physiology. Legend: 
Glucocorticoid receptor alpha (GRα) functions as a core survival integrator, coordinating pulmonary functional 
modules with systemic regulatory networks essential for respiratory homeostasis. Within the lung, GRα 
synchronizes epithelial, endothelial, and ion transport programs that maintain barrier integrity, gas exchange, 
and fluid balance. At the systemic level, GRα links pulmonary function to ventilatory control, endocrine–
circadian signaling, mitochondrial energy supply, neuro-immune integration, and developmental 
programming, supporting adaptation and survival across physiological states. (The authors acknowledge Chat 
GPTʹs assistance in creating this figure.). 

Taken together, the mechanisms outlined across Sections 3–5 reveal a unifying principle: 
glucocorticoid receptor alpha (GRα) does not regulate isolated pulmonary functions, but instead 
coordinates interdependent structural, metabolic, vascular, immune, and bioenergetic programs 
required for respiratory stability. Through synchronized control of mitochondrial energy supply, 
epithelial barrier integrity, immune resolution, fluid clearance, and vascular coupling, GRα enables 
the lung to adapt dynamically to developmental transitions, circadian variation, environmental stress, 
and inflammatory injury. This systems-level integration provides the mechanistic foundation for both 
the physiological indispensability of GRα and the context-dependent clinical efficacy of 
glucocorticoids in respiratory disease—setting the stage for the concluding synthesis that follows 

7. Conclusion—Glucocorticoid Receptor Regulation of the Pulmonary System 

The pulmonary system sustains life through its remarkable balance between openness and 
protection—regulating gas exchange, immune defense, fluid balance, and environmental sensing 
across a vast yet delicate surface. Its structural precision, shaped by the tracheobronchial tree, 
alveolar epithelium, vascular endothelium, resident immune cells, lymphatic networks, and the 
diaphragm, requires continuous adjustment to meet physiological challenges while avoiding injury. 
Central to this coordination is the GR—especially its GRα isoform—which equips the lung to respond 
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effectively to developmental transitions, circadian fluctuations, infectious exposures, and 
physiological stress. 

Through its integrated genomic and non-genomic mechanisms, the GC–GRα signaling system 
protects the structural, metabolic, and immune integrity of the respiratory tract. It regulates airway 
tone, surfactant production, epithelial repair, endothelial stability, and interstitial remodeling, all 
while suppressing excessive inflammation. By transcriptionally regulating cytokines, adhesion and 
junctional proteins, ion channels, and antioxidant systems, GRα establishes a molecular framework 
that couples tissue protection to precisely tuned immune responses. Beyond inflammation control, 
GRα coordinates pulmonary metabolism, mitochondrial efficiency, and circadian immune rhythms, 
thereby synchronizing repair, host defense, and energy allocation during periods of heightened 
physiological vulnerability. 

At the mitochondrial-hypoxia-inducible interface, GRα functions as a metabolic and oxygen-
sensor, maintaining redox balance, optimizing oxidative phosphorylation, and supporting efficient 
oxygen use. Its actions connect endocrine and cellular adaptation, linking ventilatory control to 
bioenergetic demand and harmonizing systemic and cellular homeostasis. Although the role of GRα 
in pulmonary lymphatic endothelium remains incompletely understood, its established regulation of 
vascular permeability, immune-cell trafficking, and cytokine–lymphatic signaling strongly suggests 
a unifying role throughout the pulmonary compartments. 

This integrative capacity explains the enduring therapeutic effectiveness of glucocorticoids 
across the respiratory spectrum—from fetal lung maturation and neonatal adaptation to acute 
respiratory distress syndrome (ARDS), severe pneumonia, and chronic inflammatory lung disease—
and points toward a future of precise GR modulation. In clinical practice, this means that 
glucocorticoid efficacy depends not only on dosing strategies but also on the underlying condition of 
the GRα signaling system itself. Complementary strategies that maintain or restore GRα number and 
function—including targeted micronutrient repletion, mitochondrial and antioxidant support, 
probiotic modulation of the gut–lung axis, and circadian rhythm alignment—serve as essential 
partners to pharmacologic therapy. Collectively, these approaches stabilize GRα signaling, enhance 
receptor sensitivity, and shift glucocorticoid treatment from a symptom-directed practice to one 
focused on restoring homeostatic regulation and strengthening physiological resilience. 

Finally, while this review focuses on the respiratory tract, GRα regulates every organ system—
including the vascular, lymphatic, neural, immune, metabolic, and neuroendocrine networks—and 
is indispensable for life. [238] This reconceptualization of GRα as a core survival receptor, essential 
across development and adult physiology, calls for a fundamental paradigm shift in translational 
medicine. GRα is not merely a mediator of stress but the central integrative axis of organismal 
survival, embedded within a broader web of nutritional, microbial, and metabolic systems that 
collectively govern energy balance, redox homeostasis, tissue integrity, and adaptive resilience. 
Viewed through this system’s lens, GRα functions as a biological counterpart to the so-called “God 
particle”—a unifying integrator whose dysfunction destabilizes the coordinated physiologic 
regulation required for life. 
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from key review articles and clinical guidelines was also performed to ensure completeness and relevance to 
this translational synthesis. 

References 

1. Sackville MA, Gillis JA, Brauner CJ. The origins of gas exchange and ion regulation in fish gills: evidence 
from structure and function. Journal of Comparative Physiology B. 2024;194(5):557-568. 

2. Brauner CJ, Rombough PJ. Ontogeny and paleophysiology of the gill: new insights from larval and air-
breathing fish. Respir Physiol Neurobiol. 2012;184(3):293-300. 

3. JM W. Fish gill morphology: inside out. J Exp Zool. 2002;293:192-213. 
4. Cupello C, Hirasawa T, Tatsumi N, et al. Lung evolution in vertebrates and the water-to-land transition. 

Elife. Jul 26 2022;11doi:10.7554/eLife.77156 
5. Liem K. Form and Function of Lungs: The Evolution of Air Breathing Mechanisms. Integr Comp Biol. 1988-

05-01 1988;28:739-759. doi:10.1093/ICB/28.2.739 
6. Cadiz L, Jonz MG. A comparative perspective on lung and gill regeneration. J Exp Biol. 

2020;223(19):jeb226076. 
7. Zhang R, Liu Q, Pan S, et al. A single-cell atlas of West African lungfish respiratory system reveals 

evolutionary adaptations to terrestrialization. Nat Commun. Sep 13 2023;14(1):5630. doi:10.1038/s41467-023-
41309-3 

8. White S, Danowitz M, Solounias N. Embryology and evolutionary history of the respiratory tract. 2016-07-
14 2016;3:54-62. doi:10.5348/A04-2016-16-RA-8 

9. Kimura Y, Nakamuta N, Nikaido M. Plastic loss of motile cilia in the gills of Polypterus in response to high 
CO2 or terrestrial environments. Ecol Evol. 2023;13(4):e9964. 

10. Meyer A, Schloissnig S, Franchini P, et al. Giant lungfish genome elucidates the conquest of land by 
vertebrates. Nature. 2021;590(7845):284-289. 

11. Milsom WK, Gilmour KM, Perry S, et al. Control of breathing in ectothermic vertebrates. Comprehensive 
physiology. 2022;12(4):3869-3988. 

12. Chang L, Chen Q, Wang B, et al. Single cell RNA analysis uncovers the cell differentiation and 
functionalization for air breathing of frog lung. Communications Biology. 2024;7(1):665. 

13. Farmer CG. The Evolution of Unidirectional Pulmonary Airflow. Physiology (Bethesda). Jul 2015;30(4):260-
72. doi:10.1152/physiol.00056.2014 

14. Butler R, Barrett P, Gower D. Reassessment of the Evidence for Postcranial Skeletal Pneumaticity in Triassic 
Archosaurs, and the Early Evolution of the Avian Respiratory System. PLoS One. 2012-03-28 
2012;7doi:10.1371/journal.pone.0034094 

15. Hsia CC, Schmitz A, Lambertz M, Perry SF, Maina JN. Evolution of air breathing: oxygen homeostasis and 
the transitions from water to land and sky. Compr Physiol. Apr 2013;3(2):849-915. doi:10.1002/cphy.c120003 

16. OʹRahilly R, Müller F. Respiratory and Alimentary Relations in Staged Human Embryos. Ann Otol Rhinol 
Laryngol. 1984-09-01 1984;93:421-429. doi:10.1177/000348948409300501 

17. Shu W, Guttentag S, Wang Z, et al. Wnt/β-catenin signaling acts upstream of N-myc, BMP4, and FGF 
signaling to regulate proximal–distal patterning in the lung. Dev Biol. 2005;283(1):226-239. 

18. Aros CJ, Pantoja CJ, Gomperts BN. Wnt signaling in lung development, regeneration, and disease 
progression. Communications biology. 2021;4(1):601. 

19. Volckaert T, De Langhe SP. Wnt and FGF mediated epithelial-mesenchymal crosstalk during lung 
development. Dev Dyn. 2015;244(3):342-366. 

20. Yin Y, Ornitz DM. FGF9 and FGF10 activate distinct signaling pathways to direct lung epithelial 
specification and branching. Science signaling. 2020;13(621):eaay4353. 

21. Frum T, Hsu PP, Hein RF, et al. Opposing roles for TGFβ-and BMP-signaling during nascent alveolar 
differentiation in the developing human lung. NPJ Regenerative Medicine. 2023;8(1):48. 

22. Whitsett JA, Kalin TV, Xu Y, Kalinichenko VV. Building and regenerating the lung cell by cell. Physiol Rev. 
2019;99(1):513-554. 

23. Bird A, McDougall A, Seow B, Hooper S, Cole T. Glucocorticoid regulation of lung development: lessons 
learned from conditional GR knockout mice. Mol Endocrinol. 2015;29 2:158-171. doi:10.1210/me.2014-1362 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 January 2026 doi:10.20944/preprints202601.0867.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.0867.v1
http://creativecommons.org/licenses/by/4.0/


 33 of 43 

 

24. Yang X, Chen Y, Yang Y, Li S, Mi P, Jing N. The molecular and cellular choreography of early mammalian 
lung development. Medical Review. 2024-03-26 2024;4:192-206. doi:10.1515/mr-2023-0064 

25. Gillich A, Zhang F, Farmer C, et al. Capillary cell-type specialization in the alveolus. Nature. 2020-10-14 
2020;586:785-789. doi:10.1038/s41586-020-2822-7 

26. Fidalgo M, Fonseca C, Caldas P, et al. Aerocyte specification and lung adaptation to breathing is dependent 
on alternative splicing changes. Life Science Alliance. 2022-10-11 2022;5doi:10.26508/lsa.202201554 

27. Godoy RS, Cober ND, Cook DP, et al. Single-cell transcriptomic atlas of lung microvascular regeneration 
after targeted endothelial cell ablation. Elife. 2023;12:e80900. 

28. Safaie Qamsari E, Cober ND, Soares Godoy R, Wang L, Schlosser K, Stewart D. Discovery and 
Characterization of Transient Endothelial Stem-Like Cells Responsible for Rapid Lung Microvascular 
Regeneration Post Endothelial Ablation. Circulation. 2023;148(Suppl_1):A16783-A16783. 

29. Raredon MSB, Adams TS, Suhail Y, et al. Single-cell connectomic analysis of adult mammalian lungs. 
Science advances. 2019;5(12):eaaw3851. 

30. Chen D, Sun J, Zhu J, et al. Single cell atlas for 11 non-model mammals, reptiles and birds. Nature 
Communications. 2021;12(1):7083. 

31. Hockman D, Burns AJ, Schlosser G, et al. Evolution of the hypoxia-sensitive cells involved in amniote 
respiratory reflexes. Elife. 2017;6:e21231. 

32. Milsom WK, Burleson ML. Peripheral arterial chemoreceptors and the evolution of the carotid body. Respir 
Physiol Neurobiol. 2007;157(1):4-11. 

33. Kameda Y. Comparative morphological and molecular studies on the oxygen-chemoreceptive cells in the 
carotid body and fish gills. Cell Tissue Res. 2021;384(2):255-273. 

34. Satora L, Gawlikowski T, Tański A, Formicki K. Quest for breathing: proliferation of alveolar type 1 cells. 
Histochem Cell Biol. 2022;157(4):393-401. 

35. Domyan ET, Sun X. Patterning and plasticity in development of the respiratory lineage. Dev Dyn. 
2011;240(3):477-485. 

36. Harris-Johnson KS, Domyan ET, Vezina CM, Sun X. beta-Catenin promotes respiratory progenitor identity 
in mouse foregut. Proc Natl Acad Sci U S A. Sep 22 2009;106(38):16287-92. doi:10.1073/pnas.0902274106 

37. Sapoval B, Filoche M. Optimisations and evolution of the mammalian respiratory system. The European 
Physical Journal E. 2013-09-01 2013;36doi:10.1140/epje/i2013-13105-1 

38. Zepp J, Morrisey E. Cellular crosstalk in the development and regeneration of the respiratory system. 
Nature Reviews Molecular Cell Biology. 2019-06-19 2019;20:551-566. doi:10.1038/s41580-019-0141-3 

39. Penkala IJ, Liberti DC, Pankin J, et al. Age-dependent alveolar epithelial plasticity orchestrates lung 
homeostasis and regeneration. Cell Stem Cell. Oct 7 2021;28(10):1775-1789.e5. doi:10.1016/j.stem.2021.04.026 

40. Dudchenko O, Ordovas-Montanes J, Bingle CD. Respiratory epithelial cell types, states and fates in the era 
of single-cell RNA-sequencing. Biochem J. Jul 12 2023;480(13):921-939. doi:10.1042/bcj20220572 

41. Guo M, Du Y, Gokey J, et al. Single cell RNA analysis identifies cellular heterogeneity and adaptive 
responses of the lung at birth. Nature Communications. 2019-01-03 2019;10doi:10.1038/s41467-018-07770-1 

42. Van Konijnenburg DH, Nigrovic P, Zanoni I. Regional specialization within the mammalian respiratory 
immune system. Trends Immunol. 2024-10-01 2024;doi:10.1016/j.it.2024.09.011 

43. Riccetti M, Gokey JJ, Aronow B, Perl AT. The elephant in the lung: Integrating lineage-tracing, molecular 
markers, and single cell sequencing data to identify distinct fibroblast populations during lung 
development and regeneration. Matrix Biol. Sep 2020;91-92:51-74. doi:10.1016/j.matbio.2020.05.002 

44. Tata PR, Rajagopal J. Plasticity in the lung: making and breaking cell identity. Development. Mar 1 
2017;144(5):755-766. doi:10.1242/dev.143784 

45. Brust R, Corcoran A, Richerson G, Nattie E, Dymecki S. Functional and developmental identification of a 
molecular subtype of brain serotonergic neuron specialized to regulate breathing dynamics. Cell reports. 
2014-12-24 2014;9 6:2152-2165. doi:10.1016/j.celrep.2014.11.027 

46. Carroll SM, Ortlund EA, Thornton JW. Mechanisms for the evolution of a derived function in the ancestral 
glucocorticoid receptor. PLoS Genet. Jun 2011;7(6):e1002117. doi:10.1371/journal.pgen.1002117 

47. Baker ME. Steroid receptors and vertebrate evolution. Mol Cell Endocrinol. Oct 1 2019;496:110526. 
doi:10.1016/j.mce.2019.110526 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 January 2026 doi:10.20944/preprints202601.0867.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.0867.v1
http://creativecommons.org/licenses/by/4.0/


 34 of 43 

 

48. Harms MJ, Thornton JW. Historical contingency and its biophysical basis in glucocorticoid receptor 
evolution. Nature. Aug 14 2014;512(7513):203-7. doi:10.1038/nature13410 

49. Kodama T, Shimizu N, Yoshikawa N, et al. Role of the glucocorticoid receptor for regulation of hypoxia-
dependent gene expression. J Biol Chem. Aug 29 2003;278(35):33384-91. doi:10.1074/jbc.M302581200 

50. Vettori A, Greenald D, Wilson G, et al. Glucocorticoids promote Von Hippel Lindau (pVHL) degradation 
and Hif-1α stabilization. 2017; 

51. Vanderhaeghen T, Beyaert R, Libert C. Bidirectional Crosstalk Between Hypoxia Inducible Factors and 
Glucocorticoid Signalling in Health and Disease. Front Immunol. 2021-06-04 
2021;12doi:10.3389/fimmu.2021.684085 

52. Marchi D, Santhakumar K, Markham E, et al. Bidirectional crosstalk between Hypoxia-Inducible Factor 
and glucocorticoid signalling in zebrafish larvae. PLoS Genet. May 2020;16(5):e1008757. 
doi:10.1371/journal.pgen.1008757 

53. Bridgham JT, Ortlund EA, Thornton JW. An epistatic ratchet constrains the direction of glucocorticoid 
receptor evolution. Nature. Sep 24 2009;461(7263):515-9. doi:10.1038/nature08249 

54. Jimeno B, Rubalcaba JG. Modelling the role of glucocorticoid receptor as mediator of endocrine responses 
to environmental challenge. Philos Trans R Soc Lond B Biol Sci. Mar 25 2024;379(1898):20220501. 
doi:10.1098/rstb.2022.0501 

55. Meduri G. Glucocorticoid receptor alpha: origins and functions of the master regulator of homeostatic 
corrections in health and critical illness. . Review. Explor Endocr Metab Dis 2025;2:101426 
https://doiorg/1037349/eemd2025101426. 

56. 2025;Bury NR. The evolution, structure and function of the ray finned fish (Actinopterygii) glucocorticoid 
receptors. Gen Comp Endocrinol. Sep 15 2017;251:4-11. doi:10.1016/j.ygcen.2016.06.030 

57. Stolte EH, van Kemenade BM, Savelkoul HF, Flik G. Evolution of glucocorticoid receptors with different 
glucocorticoid sensitivity. J Endocrinol. Jul 2006;190(1):17-28. doi:10.1677/joe.1.06703 

58. Cole T, Blendy J, Monaghan A, et al. Targeted disruption of the glucocorticoid receptor gene blocks 
adrenergic chromaffin cell development and severely retards lung maturation. Genes Dev. 1995-07-01 1995;9 
13:1608-1621. doi:10.1101/GAD.9.13.1608 

59. Bird AD, Choo YL, Hooper SB, McDougall AR, Cole TJ. Mesenchymal glucocorticoid receptor regulates 
the development of multiple cell layers of the mouse lung. Am J Respir Cell Mol Biol. 2014;50(2):419-428. 

60. Schmid W, Cole T, Blendy J, Schütz G. Molecular genetic analysis of glucocorticoid signalling in 
development. The Journal of Steroid Biochemistry and Molecular Biology. 1995-06-01 1995;53:33-35. 
doi:10.1016/0960-0760(95)00038-2 

61. Li A, Hardy R, Stoner S, Tuckermann J, Seibel M, Zhou H. Deletion of mesenchymal glucocorticoid receptor 
attenuates embryonic lung development and abdominal wall closure. PLoS One. 2013;8(5):e63578. 
doi:10.1371/journal.pone.0063578 

62. Short KL, Bird AD, Seow BK, et al. Glucocorticoid signalling drives reduced versican levels in the fetal 
mouse lung. J Mol Endocrinol. 2020;64(3):155-164. 

63. Bridges JP, Sudha P, Lipps D, et al. Glucocorticoid regulates mesenchymal cell differentiation required for 
perinatal lung morphogenesis and function. Am J Physiol Lung Cell Mol Physiol. Aug 1 2020;319(2):L239-
l255. doi:10.1152/ajplung.00459.2019 

64. Bird A, Tan K, Olsson P, et al. Identification of glucocorticoid-regulated genes that control cell proliferation 
during murine respiratory development. The Journal of Physiology. 2007-11-01 
2007;585doi:10.1113/jphysiol.2007.136796 

65. Kaplan F, Comber J, Sladek R, et al. The growth factor midkine is modulated by both glucocorticoid and 
retinoid in fetal lung development. Am J Respir Cell Mol Biol. 2003;28(1):33-41. 

66. Bolt RJ, van Weissenbruch MM, Lafeber HN, Delemarre-van de Waal HA. Glucocorticoids and lung 
development in the fetus and preterm infant. Pediatr Pulmonol. Jul 2001;32(1):76-91. doi:10.1002/ppul.1092 

67. Mendelson C. Role of transcription factors in fetal lung development and surfactant protein gene 
expression. Annu Rev Physiol. 2000;62:875-915. doi:10.1146/ANNUREV.PHYSIOL.62.1.875 

68. Sweezey N, Mawdsley C, Ghibu F, et al. Differential regulation of glucocorticoid receptor expression by 
ligand in fetal rat lung cells. Pediatr Res. Oct 1995;38(4):506-12. doi:10.1203/00006450-199510000-00006 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 January 2026 doi:10.20944/preprints202601.0867.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.0867.v1
http://creativecommons.org/licenses/by/4.0/


 35 of 43 

 

69. Cole TJ, Solomon NM, Van Driel R, et al. Altered epithelial cell proportions in the fetal lung of 
glucocorticoid receptor null mice. Am J Respir Cell Mol Biol. 2004;30(5):613-619. 

70. Brönnegård M, Okret S. Regulation of the glucocorticoid receptor in fetal rat lung during development. J 
Steroid Biochem Mol Biol. Jul 1991;39(1):13-7. doi:10.1016/0960-0760(91)90006-q 

71. Barnes N, Ahern G, Bécamel C, et al. International Union of Basic and Clinical Pharmacology. CX. 
Classification of Receptors for 5-hydroxytryptamine; Pharmacology and Function. Pharmacol Rev. 2020-12-
22 2020;doi:10.1124/pr.118.015552 

72. Chatterjee M, Van Putten J, Strijbis K. Defensive Properties of Mucin Glycoproteins during Respiratory 
Infections—Relevance for SARS-CoV-2. mBio. 2020-11-12 2020;11doi:10.1128/mBio.02374-20 

73. Zhou H, Mehta S, Srivastava SP, et al. Endothelial cell-glucocorticoid receptor interactions and regulation 
of Wnt signaling. JCI Insight. Feb 13 2020;5(3)doi:10.1172/jci.insight.131384 

74. Liu B, Zhou H, Zhang T, et al. Loss of endothelial glucocorticoid receptor promotes angiogenesis via 
upregulation of Wnt/β-catenin pathway. Angiogenesis. 2021-03-02 2021;24:631-645. doi:10.1007/s10456-021-
09773-x 

75. Wepler M, Preuss JM, Merz T, et al. Impaired glucocorticoid receptor dimerization aggravates LPS-induced 
circulatory and pulmonary dysfunction. Front Immunol. 2020;10:3152. 

76. Hirst S, Lee T. Airway smooth muscle as a target of glucocorticoid action in the treatment of asthma. Am J 
Respir Crit Care Med. 1998-11-01 1998;158 5 Pt 3doi:10.1164/AJRCCM.158.SUPPLEMENT_2.13TAC190 

77. Roth M, Johnson P, Rüdiger J, King G, Black J. Interaction between glucocorticoids and β2 agonists on 
bronchial airway smooth muscle cells through synchronised cellular signalling. The Lancet. 2002-10-26 
2002;360:1293-1299. doi:10.1016/S0140-6736(02)11319-5 

78. Nino G, Hu A, Grunstein J, Grunstein M. Mechanism of glucocorticoid protection of airway smooth muscle 
from proasthmatic effects of long-acting beta2-adrenoceptor agonist exposure. The Journal of allergy and 
clinical immunology. 2010-05-01 2010;125 5:1020-1027. doi:10.1016/j.jaci.2010.02.007 

79. Yang S, Zhang L. Glucocorticoids and vascular reactivity. Curr Vasc Pharmacol. 2004;2 1:1-12. 
doi:10.2174/1570161043476483 

80. Liu B, Zhang TN, Knight JK, Goodwin JE. The Glucocorticoid Receptor in Cardiovascular Health and 
Disease. Cells. Oct 9 2019;8(10)doi:10.3390/cells8101227 

81. Franchimont D. Overview of the actions of glucocorticoids on the immune response: a good model to 
characterize new pathways of immunosuppression for new treatment strategies. Review. Annals of the New 
York Academy of Sciences. Jun 2004;1024:124-37. doi:10.1196/annals.1321.009 

82. Sgambellone S, Febo M, Durante M, et al. Role of histamine H4 receptor in the anti-inflammatory pathway 
of glucocorticoid-induced leucin zipper (GILZ) in a model of lung fibrosis. Inflamm Res. 2023-10-10 
2023;72:2037-2052. doi:10.1007/s00011-023-01802-3 

83. Winoto A, Littman D. Nuclear Hormone Receptors in T Lymphocytes. Cell. 2002-04-19 
2002;109doi:10.1016/S0092-8674(02)00710-9 

84. Shimba A, Cui G, Tani-Ichi S, et al. Glucocorticoids Drive Diurnal Oscillations in T Cell Distribution and 
Responses by Inducing Interleukin-7 Receptor and CXCR4. Immunity. 2018-02-20 2018;48:286. 
doi:10.1016/j.immuni.2018.01.004 

85. Almawi WY, Lipman ML, Stevens AC, Zanker B, Hadro ET, Strom TB. Abrogation of glucocorticoid-
mediated inhibition of T cell proliferation by the synergistic action of IL-1, IL-6, and IFN-gamma. J Immunol. 
May 15 1991;146(10):3523-7. 

86. Braun TP, Marks DL. The regulation of muscle mass by endogenous glucocorticoids. Front Physiol. 
2015;6:12. doi:10.3389/fphys.2015.00012 

87. Ninan K, Liyanage SK, Murphy KE, Asztalos EV, McDonald SD. Evaluation of Long-term Outcomes 
Associated With Preterm Exposure to Antenatal Corticosteroids: A Systematic Review and Meta-analysis. 
JAMA Pediatr. Jun 1 2022;176(6):e220483. doi:10.1001/jamapediatrics.2022.0483 

88. Sarid EB, Stoopler ML, Morency AM, Garfinkle J. Neurological implications of antenatal corticosteroids on 
late preterm and term infants: a scoping review. Pediatr Res. Nov 2022;92(5):1225-1239. doi:10.1038/s41390-
022-02135-3 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 January 2026 doi:10.20944/preprints202601.0867.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.0867.v1
http://creativecommons.org/licenses/by/4.0/


 36 of 43 

 

89. Seckl J, Holmes M. Mechanisms of Disease: glucocorticoids, their placental metabolism and fetal 
ʹprogrammingʹ of adult pathophysiology. Nature Clinical Practice Endocrinology &Metabolism. 2007-06-01 
2007;3:479-488. doi:10.1038/ncpendmet0515 

90. Laresgoiti U, Nikolić MZ, Rao C, et al. Lung epithelial tip progenitors integrate glucocorticoid- and STAT3-
mediated signals to control progeny fate. Development. Oct 15 2016;143(20):3686-3699. 
doi:10.1242/dev.134023 

91. Habermehl D, Parkitna JR, Kaden S, et al. Glucocorticoid activity during lung maturation is essential in 
mesenchymal and less in alveolar epithelial cells. Mol Endocrinol. Aug 2011;25(8):1280-8. 
doi:10.1210/me.2009-0380 

92. Manwani N, Gagnon S, Post M, et al. Reduced viability of mice with lung epithelial-specific knockout of 
glucocorticoid receptor. Am J Respir Cell Mol Biol. Nov 2010;43(5):599-606. doi:10.1165/rcmb.2009-0263OC 

93. El Agha E, Thannickal VJ. The lung mesenchyme in development, regeneration, and fibrosis. J Clin Invest. 
Jul 17 2023;133(14)doi:10.1172/jci170498 

94. Cole T, Seow B, Short K. SUN-015 Glucocorticoid Induction And Direct Genomic Regulation Of The 
Transcriptional Regulators Hif3a And Zbtb16 During Fetal Mouse Lung Development. Journal of the 
Endocrine Society. 2019;3(Supplement_1):SUN-015. 

95. Mishra R, Mendelson CR. SAT010 Role Of Glucocorticoids In Induction Of Autophagy During Fetal Lung 
Development. Journal of the Endocrine Society. 2023;7(Supplement_1):bvad114. 1748. 

96. Chen J, Mishra R, Yu Y, et al. Decreased 11β-hydroxysteroid dehydrogenase 1 in lungs of steroid receptor 
coactivator (Src)-1/-2 double-deficient fetal mice is caused by impaired glucocorticoid and cytokine 
signaling. The FASEB Journal. 2020;34(12):16243-16261. 

97. Hsia C, Hyde D, Weibel E. Lung Structure and the Intrinsic Challenges of Gas Exchange. Comprehensive 
Physiology. 2016-03-15 2016;6 2:827-895. doi:10.1002/cphy.c150028 

98. Travaglini K, Nabhan A, Penland L, et al. A molecular cell atlas of the human lung from single cell RNA 
sequencing. Nature. 2019-08-27 2019;587:619-625. doi:10.1038/s41586-020-2922-4 

99. Meyerholz D. 9 – Respiratory System. 2018:147-162. doi:10.1016/B978-0-12-802900-8.00009-9 
100. Martins L, Glimm H, Scholl C. Single-cell RNA sequencing of mouse lower respiratory tract epithelial cells: 

A meta-analysis. Cells & development. 2023-05-01 2023:203847. doi:10.1016/j.cdev.2023.203847 
101. Popko S. Morphological features of the respiratory part in guinea pigs lung in dynamics of experimental 

allergic inflammatory process. Reports of Morphology. 2022-02-23 2022;doi:10.31393/morphology-journal-
2022-28(1)-08 

102. Whitsett JA. Airway Epithelial Differentiation and Mucociliary Clearance. Ann Am Thorac Soc. Nov 
2018;15(Suppl 3):S143-s148. doi:10.1513/AnnalsATS.201802-128AW 

103. Song D, Iverson E, Kaler L, Boboltz A, Scull MA, Duncan GA. MUC5B mobilizes and MUC5AC spatially 
aligns mucociliary transport on human airway epithelium. Sci Adv. Nov 25 2022;8(47):eabq5049. 
doi:10.1126/sciadv.abq5049 

104. Kadiyala V, Sasse SK, Altonsy MO, et al. Cistrome-based Cooperation between Airway Epithelial 
Glucocorticoid Receptor and NF-κB Orchestrates Anti-inflammatory Effects. J Biol Chem. Jun 10 
2016;291(24):12673-12687. doi:10.1074/jbc.M116.721217 

105. Schupp JC, Adams TS, Cosme C, Jr., et al. Integrated Single-Cell Atlas of Endothelial Cells of the Human 
Lung. Circulation. Jul 27 2021;144(4):286-302. doi:10.1161/circulationaha.120.052318 

106. Balczon R, Lin MT, Voth S, et al. Lung endothelium, tau, and amyloids in health and disease. Physiol Rev. 
Apr 1 2024;104(2):533-587. doi:10.1152/physrev.00006.2023 

107. Niethamer T, Levin L, Morley M, Babu A, Zhou S, Morrisey E. Atf3 defines a population of pulmonary 
endothelial cells essential for lung regeneration. eLife. 2022-10-14 2022;12doi:10.1101/2022.10.14.512212 

108. Huh D, Matthews B, Mammoto A, Montoya-Zavala M, Hsin H, Ingber D. Reconstituting Organ-Level Lung 
Functions on a Chip. Science. 2010-06-25 2010;328:1662-1668. doi:10.1126/science.1188302 

109. Capandová M, Sedláková V, Voráč Z, et al. Using Polycaprolactone Nanofibers for the Proof-of-Concept 
Construction of the Alveolar-Capillary Interface. Journal of biomedical materials research Part A. 2024-10-30 
2024;doi:10.1002/jbm.a.37824 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 January 2026 doi:10.20944/preprints202601.0867.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.0867.v1
http://creativecommons.org/licenses/by/4.0/


 37 of 43 

 

110. Hopkins S, Stickland M. The Pulmonary Vasculature. Semin Respir Crit Care Med. 2023-10-01 2023;44:538-
554. doi:10.1055/s-0043-1770059 

111. Townsley M. Structure and composition of pulmonary arteries, capillaries, and veins. Comprehensive 
Physiology. 2012;2 1:675-709. doi:10.1002/CPHY.C100081 

112. Mühlfeld C, Weibel ER, Hahn U, Kummer W, Nyengaard JR, Ochs M. Is length an appropriate estimator 
to characterize pulmonary alveolar capillaries? A critical evaluation in the human lung. The Anatomical 
Record: Advances in Integrative Anatomy and Evolutionary Biology. 2010;293(7):1270-1275. 

113. Stauber H, Waisman D, Korin N, Sznitman J. Red blood cell dynamics in biomimetic microfluidic networks 
of pulmonary alveolar capillaries. Biomicrofluidics. Jan 10 2017;11(1):014103. doi:10.1063/1.4973930 

114. Xie T, Wang Y, Deng N, et al. Single-Cell Deconvolution of Fibroblast Heterogeneity in Mouse Pulmonary 
Fibrosis. Cell reports. 2018-03-27 2018;22:3625-3640. doi:10.1016/j.celrep.2018.03.010 

115. Hackett TL, Vriesde N, Al-Fouadi M, et al. The Role of the Dynamic Lung Extracellular Matrix Environment 
on Fibroblast Morphology and Inflammation. Cells. Jan 6 2022;11(2)doi:10.3390/cells11020185 

116. Zhou Y, Horowitz JC, Naba A, et al. Extracellular matrix in lung development, homeostasis and disease. 
Matrix Biol. Nov 2018;73:77-104. doi:10.1016/j.matbio.2018.03.005 

117. OʹDwyer DN, Gurczynski SJ, Moore BB. Pulmonary immunity and extracellular matrix interactions. Matrix 
Biol. Nov 2018;73:122-134. doi:10.1016/j.matbio.2018.04.003 

118. Ashworth ET, Burrowes KS, Clark AR, Ebrahimi BSS, Tawhai MH. An in silico approach to understanding 
the interaction between cardiovascular and pulmonary lymphatic dysfunction. Am J Physiol Heart Circ 
Physiol. Mar 1 2023;324(3):H318-h329. doi:10.1152/ajpheart.00591.2022 

119. Ural BB, Yeung ST, Damani-Yokota P, et al. Identification of a nerve-associated, lung-resident interstitial 
macrophage subset with distinct localization and immunoregulatory properties. Sci Immunol. Mar 27 
2020;5(45)doi:10.1126/sciimmunol.aax8756 

120. Meduri GU, Eltorky MA. Understanding ARDS-associated fibroproliferation. Intensive Care Med. Mar 
2015;41(3):517-20. doi:10.1007/s00134-014-3613-0 

121. Osorio F, Lambrecht B, Janssens S. Antigen presentation unfolded: identifying convergence points between 
the UPR and antigen presentation pathways. Curr Opin Immunol. 2018-06-01 2018;52:100-107. 
doi:10.1016/j.coi.2018.04.020 

122. Gibbings S, Thomas S, Atif S, et al. Three Unique Interstitial Macrophages in the Murine Lung at Steady 
State. Am J Respir Cell Mol Biol. 2017-05-01 2017;57:66. doi:10.1165/rcmb.2016-0361OC 

123. Schyns J, Bai Q, Ruscitti C, et al. Non-classical tissue monocytes and two functionally distinct populations 
of interstitial macrophages populate the mouse lung. Nature Communications. 2019-09-03 
2019;10doi:10.1038/s41467-019-11843-0 

124. Legrand C, Vanneste D, Hego A, et al. Lung Interstitial Macrophages Can Present Soluble Antigens and 
Induce Foxp3(+) Regulatory T Cells. Am J Respir Cell Mol Biol. Jun 2024;70(6):446-456. 
doi:10.1165/rcmb.2023-0254OC 

125. Trivedi A, Reed HO. The lymphatic vasculature in lung function and respiratory disease. Frontiers in 
Medicine. 2023;10:1118583. 

126. Zhang PH, Zhang WW, Wang SS, et al. Efficient pulmonary lymphatic drainage is necessary for 
inflammation resolution in ARDS. JCI Insight. Jan 9 2024;9(1)doi:10.1172/jci.insight.173440 

127. Hirosue S, Vokali E, Raghavan VR, et al. Steady-state antigen scavenging, cross-presentation, and CD8+ T 
cell priming: a new role for lymphatic endothelial cells. J Immunol. Jun 1 2014;192(11):5002-11. 
doi:10.4049/jimmunol.1302492 

128. Tewalt EF, Cohen JN, Rouhani SJ, Engelhard VH. Lymphatic endothelial cells - key players in regulation 
of tolerance and immunity. Front Immunol. 2012;3:305. doi:10.3389/fimmu.2012.00305 

129. den Braanker H, van Stigt AC, Kok MR, Lubberts E, Bisoendial RJ. Single-Cell RNA Sequencing Reveals 
Heterogeneity and Functional Diversity of Lymphatic Endothelial Cells. Int J Mol Sci. Nov 5 
2021;22(21)doi:10.3390/ijms222111976 

130. Rouhani SJ, Eccles JD, Riccardi P, et al. Roles of lymphatic endothelial cells expressing peripheral tissue 
antigens in CD4 T-cell tolerance induction. Nat Commun. Apr 10 2015;6:6771. doi:10.1038/ncomms7771 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 January 2026 doi:10.20944/preprints202601.0867.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.0867.v1
http://creativecommons.org/licenses/by/4.0/


 38 of 43 

 

131. Tewalt EF, Cohen JN, Rouhani SJ, et al. Lymphatic endothelial cells induce tolerance via PD-L1 and lack of 
costimulation leading to high-level PD-1 expression on CD8 T cells. Blood. Dec 6 2012;120(24):4772-82. 
doi:10.1182/blood-2012-04-427013 

132. Yeo KP, Angeli V. Bidirectional Crosstalk between Lymphatic Endothelial Cell and T Cell and Its 
Implications in Tumor Immunity. Front Immunol. 2017;8:83. doi:10.3389/fimmu.2017.00083 

133. Santambrogio L, Berendam SJ, Engelhard VH. The Antigen Processing and Presentation Machinery in 
Lymphatic Endothelial Cells. Front Immunol. 2019;10:1033. doi:10.3389/fimmu.2019.01033 

134. Pegu A, Qin S, Fallert Junecko BA, Nisato RE, Pepper MS, Reinhart TA. Human lymphatic endothelial cells 
express multiple functional TLRs. J Immunol. Mar 1 2008;180(5):3399-405. doi:10.4049/jimmunol.180.5.3399 

135. González-Loyola A, Bovay E, Kim J, et al. FOXC2 controls adult lymphatic endothelial specialization, 
function, and gut lymphatic barrier preventing multiorgan failure. Sci Adv. Jul 
2021;7(29)doi:10.1126/sciadv.abf4335 

136. Reed HO, Wang L, Sonett J, et al. Lymphatic impairment leads to pulmonary tertiary lymphoid organ 
formation and alveolar damage. J Clin Invest. Apr 4 2019;129(6):2514-2526. doi:10.1172/jci125044 

137. Trivedi A, Lu TM, Summers B, et al. Lung lymphatic endothelial cells undergo inflammatory and 
prothrombotic changes in a model of chronic obstructive pulmonary disease. Front Cell Dev Biol. 
2024;12:1344070. doi:10.3389/fcell.2024.1344070 

138. Turley S, Cremasco V, Astarita J. Immunological hallmarks of stromal cells in the tumour 
microenvironment. Nature Reviews Immunology. 2015-10-16 2015;15:669-682. doi:10.1038/nri3902 

139. West N. Coordination of Immune-Stroma Crosstalk by IL-6 Family Cytokines. Front Immunol. 2019-05-15 
2019;10doi:10.3389/fimmu.2019.01093 

140. Mueller S, Germain R. Stromal cell contributions to the homeostasis and functionality of the immune 
system. Nature Reviews Immunology. 2009-09-01 2009;9:618-629. doi:10.1038/nri2588 

141. Worrell JC, MacLeod MKL. Stromal-immune cell crosstalk fundamentally alters the lung 
microenvironment following tissue insult. Immunology. Jul 2021;163(3):239-249. doi:10.1111/imm.13319 

142. Lai Y, Wei X, Ye T, Hang L, Mou L, Su J. Interrelation Between Fibroblasts and T Cells in Fibrosing 
Interstitial Lung Diseases. Front Immunol. 2021;12:747335. doi:10.3389/fimmu.2021.747335 

143. Gong Z, Li Q, Shi J, et al. Lung fibroblasts facilitate pre-metastatic niche formation by remodeling the local 
immune microenvironment. Immunity. Aug 9 2022;55(8):1483-1500.e9. doi:10.1016/j.immuni.2022.07.001 

144. Mun J-Y, Leem S, Lee J, Kim HS. Dual Relationship Between Stromal Cells and Immune Cells in the Tumor 
Microenvironment. Front Immunol. 2022-04-06 2022;13doi:10.3389/fimmu.2022.864739 

145. Noack M, Miossec P. Importance of lymphocyte–stromal cell interactions in autoimmune and 
inflammatory rheumatic diseases. Nature Reviews Rheumatology. 2021-08-03 2021;17:550-564. 
doi:10.1038/s41584-021-00665-4 

146. Koenen M, Culemann S, Vettorazzi S, et al. Glucocorticoid receptor in stromal cells is essential for 
glucocorticoid-mediated suppression of inflammation in arthritis. Ann Rheum Dis. Nov 2018;77(11):1610-
1618. doi:10.1136/annrheumdis-2017-212762 

147. Meduri GU, Tolley EA, Chinn A, Stentz F, Postlethwaite A. Procollagen types I and III aminoterminal 
propeptide levels during acute respiratory distress syndrome and in response to methylprednisolone 
treatment. Am J Respir Crit Care Med. Nov 1998;158(5 Pt 1):1432-41. doi:10.1164/ajrccm.158.5.9801107 

148. Invernizzi R, Lloyd C, Molyneaux P. Respiratory microbiome and epithelial interactions shape immunity 
in the lungs. Immunology. 2020-03-20 2020;160:171-182. doi:10.1111/imm.13195 

149. Heung L, Wiesner D, Wang K, Rivera A, Hohl T. Immunity to fungi in the lung. Semin Immunol. 2023-02-
23 2023;66:101728. doi:10.1016/j.smim.2023.101728 

150. Bals R, Hiemstra P. Innate immunity in the lung: how epithelial cells fight against respiratory pathogens. 
Eur Respir J. 2004-02-01 2004;23:327-333. doi:10.1183/09031936.03.00098803 

151. Leiva-Juarez M, Kolls J, Evans S, Evans S. Lung epithelial cells: therapeutically inducible effectors of 
antimicrobial defense. Mucosal Immunol. 2017-08-16 2017;11:21-34. doi:10.1038/mi.2017.71 

152. Weitnauer M, Mijošek V, Dalpke A. Control of local immunity by airway epithelial cells. Mucosal Immunol. 
2015-12-02 2015;9:287-298. doi:10.1038/mi.2015.126 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 January 2026 doi:10.20944/preprints202601.0867.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.0867.v1
http://creativecommons.org/licenses/by/4.0/


 39 of 43 

 

153. Hernández-Santos N, Wiesner D, Fites J, et al. Lung Epithelial Cells Coordinate Innate Lymphocytes and 
Immunity against Pulmonary Fungal Infection. Cell Host Microbe. 2018-04-11 2018;23 4:511-522. 
doi:10.1016/j.chom.2018.02.011 

154. Sharma L, Feng J-J, Britto C, Cruz CD. Mechanisms of Epithelial Immunity Evasion by Respiratory Bacterial 
Pathogens. Front Immunol. 2020-02-11 2020;11doi:10.3389/fimmu.2020.00091 

155. De Waal A, Hiemstra P, Ottenhoff T, Joosten S, Van Der Does A. Lung epithelial cells interact with immune 
cells and bacteria to shape the microenvironment in tuberculosis. Thorax. 2022-01-11 2022;77:408-416. 
doi:10.1136/thoraxjnl-2021-217997 

156. Planté-Bordeneuve T, Pilette C, Froidure A. The Epithelial-Immune Crosstalk in Pulmonary Fibrosis. Front 
Immunol. 2021-05-19 2021;12doi:10.3389/fimmu.2021.631235 

157. Shenoy AT, Lyon De Ana C, Arafa EI, et al. Antigen presentation by lung epithelial cells directs CD4(+) 
T(RM) cell function and regulates barrier immunity. Nat Commun. Oct 5 2021;12(1):5834. 
doi:10.1038/s41467-021-26045-w 

158. McAleer JP, Kolls JK. Contributions of the intestinal microbiome in lung immunity. Eur J Immunol. Jan 
2018;48(1):39-49. doi:10.1002/eji.201646721 

159. Man W, De Steenhuijsen Piters W, Bogaert D. The microbiota of the respiratory tract: gatekeeper to 
respiratory health. Nature Reviews Microbiology. 2017-03-20 2017;15:259-270. doi:10.1038/nrmicro.2017.14 

160. Lloyd C, Marsland B. Lung Homeostasis: Influence of Age, Microbes, and the Immune System. Immunity. 
2017-04-18 2017;46 4:549-561. doi:10.1016/j.immuni.2017.04.005 

161. Gupta N, Kumar R, Agrawal B. New Players in Immunity to Tuberculosis: The Host Microbiome, Lung 
Epithelium, and Innate Immune Cells. Front Immunol. 2018;9:709. doi:10.3389/fimmu.2018.00709 

162. Miller A, Bianchi A, Bishop B. Neural Control of the Respiratory Muscles. 1996-12-24 1996; 
163. Molkov Y, Shevtsova N, Park C, et al. A Closed-Loop Model of the Respiratory System: Focus on 

Hypercapnia and Active Expiration. PLoS One. 2014-10-10 2014;9doi:10.1371/journal.pone.0109894 
164. De Troyer A, Boriek AM. Mechanics of the respiratory muscles. Compr Physiol. Jul 2011;1(3):1273-300. 

doi:10.1002/cphy.c100009 
165. Mantilla C, Sieck G. Invited review: Mechanisms underlying motor unit plasticity in the respiratory system. 

J Appl Physiol. 2003-03-01 2003;94 3:1230-1241. doi:10.1152/JAPPLPHYSIOL.01120.2002 
166. Guyenet P, Bayliss D. Neural Control of Breathing and CO2 Homeostasis. Neuron. 2015-09-02 2015;87:946-

961. doi:10.1016/j.neuron.2015.08.001 
167. Souza G, Stornetta DS, Abbott SBG. Interactions between Arousal State and CO(2) Determine the Activity 

of Central Chemoreceptor Neurons That Drive Breathing. J Neurosci. Jan 1 
2025;45(1)doi:10.1523/jneurosci.1587-24.2024 

168. Laveneziana P, Niérat M, LoMauro A, Aliverti A. A case of unexplained dyspnoea: when lung function 
testing matters! Breathe. 2018-11-30 2018;14:325-332. doi:10.1183/20734735.025018 

169. Solaligue DS, Rodríguez-Castillo JA, Ahlbrecht K, Morty R. Recent advances in our understanding of the 
mechanisms of late lung development and bronchopulmonary dysplasia. Am J Physiol Lung Cell Mol Physiol. 
2017-12-01 2017;313 6doi:10.1152/ajplung.00343.2017 

170. West JB. Respiratory physiology: the essentials. Lippincott Williams & Wilkins; 2012. 
171. Schmidlin F, Scherrer D, Landry Y, Gies J. Glucocorticoids inhibit the bradykinin B2 receptor increase 

induced by interleukin-1beta in human bronchial smooth muscle cells. Eur J Pharmacol. 1998-07-31 1998;354 
1doi:10.1016/S0014-2999(98)00478-6 

172. Sasse S, Kadiyala V, Danhorn T, Panettieri R, Phang T, Gerber A. Glucocorticoid Receptor ChIP-Seq 
Identifies PLCD1 as a KLF15 Target that Represses Airway Smooth Muscle Hypertrophy. Am J Respir Cell 
Mol Biol. 2017-08-01 2017;57:226. doi:10.1165/rcmb.2016-0357OC 

173. Kassel K, Schulte N, Toews M. Modulation of epidermal growth factor receptor binding to human airway 
smooth muscle cells by glucocorticoids and beta2-adrenergic receptor agonists. Am J Physiol Lung Cell Mol 
Physiol. 2009-04-01 2009;296 4doi:10.1152/ajplung.90446.2008 

174. Grunstein M. Homeostatic glucocorticoid signaling in airway smooth muscle: A roadmap to asthma 
pathogenesis. Front Endocrinol (Lausanne). 2023-01-04 2023;13doi:10.3389/fendo.2022.1077389 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 January 2026 doi:10.20944/preprints202601.0867.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.0867.v1
http://creativecommons.org/licenses/by/4.0/


 40 of 43 

 

175. Yoshida I, Ban N, Inagaki N. Expression of ABCA3, a causative gene for fatal surfactant deficiency, is up-
regulated by glucocorticoids in lung alveolar type II cells. Biochem Biophys Res Commun. Oct 15 
2004;323(2):547-55. doi:10.1016/j.bbrc.2004.08.133 

176. Ballard P, Ertsey R, Gonzales L, Gonzales J. Transcriptional regulation of human pulmonary surfactant 
proteins SP-B and SP-C by glucocorticoids. Am J Respir Cell Mol Biol. 1996-06-01 1996;14 6:599-607. 
doi:10.1165/AJRCMB.14.6.8652188 

177. Mendelson C, Boggaram V. Hormonal control of the surfactant system in fetal lung. Annu Rev Physiol. 
1991;53:415-440. doi:10.1146/ANNUREV.PH.53.030191.002215 

178. Tillis CC, Huang HW, Bi W, Pan S, Bruce SR, Alcorn JL. Glucocorticoid regulation of human pulmonary 
surfactant protein-B (SP-B) mRNA stability is independent of activated glucocorticoid receptor. Am J 
Physiol Lung Cell Mol Physiol. Jun 2011;300(6):L940-50. doi:10.1152/ajplung.00420.2010 

179. Liley H, White R, Benson B, Ballard P. Glucocorticoids both stimulate and inhibit production of pulmonary 
surfactant protein A in fetal human lung. Proceedings of the National Academy of Sciences of the United States 
of America. 1988-12-01 1988;85 23:9096-9100. doi:10.1073/PNAS.85.23.9096 

180. Islam K, Mendelson C. Glucocorticoid/glucocorticoid receptor inhibition of surfactant protein-A (SP-A) 
gene expression in lung type II cells is mediated by repressive changes in histone modification at the SP-A 
promoter. Mol Endocrinol. 2008-03-01 2008;22 3:585-596. doi:10.1210/ME.2007-0412 

181. Alcorn J, Islam K, Young P, Mendelson C. Glucocorticoid inhibition of SP-A gene expression in lung type 
II cells is mediated via the TTF-1-binding element. Am J Physiol Lung Cell Mol Physiol. 2004-04-01 2004;286 
4doi:10.1152/AJPLUNG.00280.2003 

182. Schmidt AF, Kannan PS, Bridges J, et al. Prenatal inflammation enhances antenatal corticosteroid-induced 
fetal lung maturation. JCI Insight. Dec 17 2020;5(24)doi:10.1172/jci.insight.139452 

183. Kokkinopoulou I, Moutsatsou P. Mitochondrial Glucocorticoid Receptors and Their Actions. Int J Mol Sci. 
Jun 3 2021;22(11)doi:10.3390/ijms22116054 

184. Kielgast F, Schmidt H, Braubach P, et al. Glucocorticoids Regulate Tight Junction Permeability of Lung 
Epithelia by Modulating Claudin 8. Am J Respir Cell Mol Biol. 2016-04-29 2016;54 5:707-717. 
doi:10.1165/rcmb.2015-0071OC 

185. Förster C, Silwedel C, Golenhofen N, et al. Occludin as direct target for glucocorticoid-induced 
improvement of blood-brain barrier properties in a murine in vitro system. J Physiol. Jun 1 2005;565(Pt 
2):475-86. doi:10.1113/jphysiol.2005.084038 

186. Kutsuzawa N, Ito Y, Kagawa S, Kohno C, Takiguchi H, Asano K. Dexamethasone restores TNFα-induced 
epithelial barrier dysfunction in primary rat alveolar epithelial cells. PLoS One. 2023-09-09 
2023;18doi:10.1371/journal.pone.0295684 

187. Aranda C, Arredondo-Amador M, Ocón B, et al. Intestinal epithelial deletion of the glucocorticoid receptor 
NR3C1 alters expression of inflammatory mediators and barrier function. The FASEB Journal. 2019-10-26 
2019;33:14067-14082. doi:10.1096/fj.201900404RR 

188. Zheng G, Victor Fon G, Meixner W, et al. Chronic stress and intestinal barrier dysfunction: Glucocorticoid 
receptor and transcription repressor HES1 regulate tight junction protein Claudin-1 promoter. Sci Rep. Jul 
3 2017;7(1):4502. doi:10.1038/s41598-017-04755-w 

189. Nemati B, Atmodjo W, Gagnon S, et al. Glucocorticoid receptor disruption delays structural maturation in 
the lungs of newborn mice. Pediatr Pulmonol. Feb 2008;43(2):125-33. doi:10.1002/ppul.20746 

190. Zitnik R, Whiting N, Elias J. Glucocorticoid inhibition of interleukin-1-induced interleukin-6 production by 
human lung fibroblasts: evidence for transcriptional and post-transcriptional regulatory mechanisms. Am 
J Respir Cell Mol Biol. 1994-06-01 1994;10 6:643-650. doi:10.1165/AJRCMB.10.6.7516173 

191. Gibbs J, Ince L, Matthews L, et al. An epithelial circadian clock controls pulmonary inflammation and 
glucocorticoid action. Nat Med. 2014-07-27 2014;20:919-926. doi:10.1038/nm.3599 

192. Bansal A, Mostafa MM, Kooi C, et al. Interplay between nuclear factor-κB, p38 MAPK, and glucocorticoid 
receptor signaling synergistically induces functional TLR2 in lung epithelial cells. J Biol Chem. Apr 
2022;298(4):101747. doi:10.1016/j.jbc.2022.101747 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 January 2026 doi:10.20944/preprints202601.0867.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.0867.v1
http://creativecommons.org/licenses/by/4.0/


 41 of 43 

 

193. Jangani M, Poolman TM, Matthews L, et al. The methyltransferase WBSCR22/Merm1 enhances 
glucocorticoid receptor function and is regulated in lung inflammation and cancer. J Biol Chem. Mar 28 
2014;289(13):8931-46. doi:10.1074/jbc.M113.540906 

194. Kadmiel M, Cidlowski JA. Glucocorticoid receptor signaling in health and disease. Trends Pharmacol Sci. 
Sep 2013;34(9):518-30. doi:10.1016/j.tips.2013.07.003 

195. Mao L, Wei W, Chen J. Biased regulation of glucocorticoid receptors signaling. Biomed Pharmacother. Sep 
2023;165:115145. doi:10.1016/j.biopha.2023.115145 

196. Caratti G, Caratti G, Poolman T, et al. Caveolin1 interacts with the glucocorticoid receptor in the lung but 
is dispensable for its anti-inflammatory actions in lung inflammation and Trichuris Muris infection. Sci Rep. 
2019-06-12 2019;9doi:10.1038/s41598-019-44963-0 

197. Barilli A, Visigalli R, Ferrari F, Bianchi M, Dall’Asta V, Rotoli B. Immune-Mediated Inflammatory 
Responses of Alveolar Epithelial Cells: Implications for COVID-19 Lung Pathology. Biomedicines. 2022-03-
01 2022;10doi:10.3390/biomedicines10030618 

198. He X, Qian Y-B, Li Z, et al. TLR4-Upregulated IL-1β and IL-1RI Promote Alveolar Macrophage Pyroptosis 
and Lung Inflammation through an Autocrine Mechanism. Sci Rep. 2016-08-16 2016;6doi:10.1038/srep31663 

199. Sacta MA, Tharmalingam B, Coppo M, et al. Gene-specific mechanisms direct glucocorticoid-receptor-
driven repression of inflammatory response genes in macrophages. Elife. Feb 9 
2018;7doi:10.7554/eLife.34864 

200. Escoter-Torres L, Caratti G, Mechtidou A, Tuckermann J, Uhlenhaut NH, Vettorazzi S. Fighting the Fire: 
Mechanisms of Inflammatory Gene Regulation by the Glucocorticoid Receptor. Front Immunol. 
2019;10:1859. doi:10.3389/fimmu.2019.01859 

201. Xavier AM, Anunciato AK, Rosenstock TR, Glezer I. Gene Expression Control by Glucocorticoid Receptors 
during Innate Immune Responses. Front Endocrinol (Lausanne). 2016;7:31. doi:10.3389/fendo.2016.00031 

202. Bhattacharyya S, Brown DE, Brewer JA, Vogt SK, Muglia LJ. Macrophage glucocorticoid receptors regulate 
Toll-like receptor 4-mediated inflammatory responses by selective inhibition of p38 MAP kinase. Blood. 
May 15 2007;109(10):4313-9. doi:10.1182/blood-2006-10-048215 

203. Zeyen L, Seternes OM, Mikkola I. Crosstalk between p38 MAPK and GR Signaling. Int J Mol Sci. Mar 19 
2022;23(6)doi:10.3390/ijms23063322 

204. Hoppstädter J, Diesel B, Linnenberger R, et al. Amplified host defense by toll-like receptor-mediated 
downregulation of the glucocorticoid-induced leucine zipper (GILZ) in macrophages. Front Immunol. 
2019;9:3111. 

205. Akhter MS, Goodwin J. Endothelial Dysfunction in Cardiorenal Conditions: Implications of Endothelial 
Glucocorticoid Receptor-Wnt Signaling. Int J Mol Sci. 2023-09-01 2023;24doi:10.3390/ijms241814261 

206. Limbourg F, Liao J. Nontranscriptional actions of the glucocorticoid receptor. J Mol Med. 2003-03-14 
2003;81:168-174. doi:10.1007/s00109-003-0418-y 

207. Thakkar C, Alikunju S, Rizvi W, Abbas A, Yang Z, Sayed D. Abstract P1148: Glucocorticoid Receptor - Klf9 
Axis Regulates Cardiomyocyte Metabolic Homeostasis. Circ Res. 2023-08-04 
2023;doi:10.1161/res.133.suppl_1.p1148 

208. Rog-Zielinska E, Thomson A, Kenyon C, et al. Glucocorticoid receptor is required for foetal heart 
maturation. Hum Mol Genet. 2013-08-15 2013;22 16:3269-3282. doi:10.1093/hmg/ddt182 

209. Oakley R, Cruz-Topete D, He B, et al. Cardiomyocyte glucocorticoid and mineralocorticoid receptors 
directly and antagonistically regulate heart disease in mice. Science Signaling. 2019-04-16 
2019;12doi:10.1126/scisignal.aau9685 

210. Cruz-Topete D, Oakley R, Cidlowski J. Glucocorticoid Signaling and the Aging Heart. Front Endocrinol 
(Lausanne). 2020-05-27 2020;11doi:10.3389/fendo.2020.00347 

211. An B, Jung N-K, Park CY, et al. Epigenetic and Glucocorticoid Receptor-Mediated Regulation of 
Glutathione Peroxidase 3 in Lung Cancer Cells. Mol Cells. 2016-08-03 2016;39:631-638. 
doi:10.14348/molcells.2016.0164 

212. Du J, Wang Y, Hunter R, et al. Dynamic regulation of mitochondrial function by glucocorticoids. Proceedings 
of the National Academy of Sciences of the United States of America. Mar 3 2009;106(9):3543-3548. doi:DOI 
10.1073/pnas.0812671106 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 January 2026 doi:10.20944/preprints202601.0867.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.0867.v1
http://creativecommons.org/licenses/by/4.0/


 42 of 43 

 

213. Lee SR, Kim HK, Song IS, et al. Glucocorticoids and their receptors: insights into specific roles in 
mitochondria. Prog Biophys Mol Biol. May 2013;112(1-2):44-54. doi:10.1016/j.pbiomolbio.2013.04.001 

214. Meduri GU, Anna-Maria G. Psarra. The Glucocorticoid System: A Multifaceted Regulator of Mitochondrial 
Function, Endothelial Homeostasis, and Intestinal Barrier Integrity. Review. Seminars in Respiratory and 
Critical Care Medicine 2026; 

215. Karra AG, Sioutopoulou A, Gorgogietas V, Samiotaki M, Panayotou G, Psarra A-MG. Proteomic analysis 
of the mitochondrial glucocorticoid receptor interacting proteins reveals pyruvate dehydrogenase and 
mitochondrial 60 kDa heat shock protein as potent binding partners. J Proteomics. 2022;257:104509. 

216. Dang R, Hou X, Huang X, et al. Effects of the glucocorticoid-mediated mitochondrial translocation of 
glucocorticoid receptors on oxidative stress and pyroptosis in BV-2 Microglia. J Mol Neurosci. 2024;74(1):30. 

217. Lapp HE, Bartlett AA, Hunter RG. Stress and glucocorticoid receptor regulation of mitochondrial gene 
expression. J Mol Endocrinol. Feb 1 2019;62(2):R121-R128. doi:10.1530/JME-18-0152 

218. Morgan DJ, Poolman TM, Williamson AJ, et al. Glucocorticoid receptor isoforms direct distinct 
mitochondrial programs to regulate ATP production. Sci Rep. 2016;6(1):26419. 

219. Lockett J, Inder WJ, Clifton VL. The glucocorticoid receptor: isoforms, functions, and contribution to 
glucocorticoid sensitivity. Endocrine Reviews. 2024;45(4):593-624. 

220. Vettorazzi S, Nalbantoglu D, Gebhardt JCM, Tuckermann J. A guide to changing paradigms of 
glucocorticoid receptor function—A model system for genome regulation and physiology. The FEBS 
Journal. 2021; 

221. Hou Y, Xie J, Wang S, et al. Glucocorticoid receptor modulates myeloid-derived suppressor cell function 
via mitochondrial metabolism in immune thrombocytopenia. Cell Mol Immunol. 2022;19(7):764-776. 

222. Meduri GU, Chrousos GP. General Adaptation in Critical Illness: Glucocorticoid Receptor-alpha Master 
Regulator of Homeostatic Corrections. Review. Front Endocrinol (Lausanne). 2020-April-22 2020;11(161):161. 
doi:10.3389/fendo.2020.00161 

223. Li R, Jia Y, Pan S, Li X, Song H, Zhao R. Glucocorticoid Receptor Mediates the Effect of High-Fat Diet on 
Mitochondrial Oxidative Phosphorylation in Mouse Liver. DNA Cell Biol. 2016/02/01 2015;35(2):51-58. 
doi:10.1089/dna.2015.2932 

224. Laube M, Bossmann M, Thome U. Glucocorticoids Distinctively Modulate the CFTR Channel with Possible 
Implications in Lung Development and Transition into Extrauterine Life. PLoS One. 2015-04-24 
2015;10doi:10.1371/journal.pone.0124833 

225. Zhou L, Fang L, Tamm M, Stolz D, Roth M. Extracellular Heat Shock Protein 70 Increases the Glucocorticoid 
Receptor and Dual-Specificity Phosphatase 1 via Toll-like Receptor 4 and Attenuates Inflammation in 
Airway Epithelial Cells. Int J Mol Sci. 2023-07-01 2023;24doi:10.3390/ijms241411700 

226. Urbach V, Verriere V, Grumbach Y, Bousquet J, Harvey B. Rapid anti-secretory effects of glucocorticoids 
in human airway epithelium. Steroids. 2006;71(4):323-328. 

227. Hynes D, Harvey BJ. Dexamethasone reduces airway epithelial Cl− secretion by rapid non-genomic 
inhibition of KCNQ1, KCNN4 and KATP K+ channels. Steroids. 2019;151:108459. 

228. Ramos-Ramírez P, Tliba O. Glucocorticoid receptor β (GRβ): beyond its dominant-negative function. Int J 
Mol Sci. 2021;22(7):3649. 

229. Pujols L, Mullol J, Torrego A, Picado C. Glucocorticoid receptors in human airways. Allergy. 2004-10-01 
2004;59doi:10.1111/j.1398-9995.2004.00635.x 

230. Tao T, Lan J, Lukács G, Hache R, Kaplan F. Importin 13 regulates nuclear import of the glucocorticoid 
receptor in airway epithelial cells. Am J Respir Cell Mol Biol. 2006-06-29 2006;35 6:668-680. 
doi:10.1165/RCMB.2006-0073OC 

231. Bhandare R, Damera G, Banerjee A, et al. Glucocorticoid receptor interacting protein-1 restores 
glucocorticoid responsiveness in steroid-resistant airway structural cells. Am J Respir Cell Mol Biol. 2010;42 
1:9-15. doi:10.1165/rcmb.2009-0239RC 

232. Bauer A, Tronche F, Wessely O, et al. The glucocorticoid receptor is required for stress erythropoiesis. Genes 
Dev. Nov 15 1999;13(22):2996-3002. doi:10.1101/gad.13.22.2996 

233. Lee HY, Gao X, Barrasa MI, et al. PPAR-α and glucocorticoid receptor synergize to promote erythroid 
progenitor self-renewal. Nature. Jun 25 2015;522(7557):474-7. doi:10.1038/nature14326 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 January 2026 doi:10.20944/preprints202601.0867.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.0867.v1
http://creativecommons.org/licenses/by/4.0/


 43 of 43 

 

234. Gehrand AL, Phillips J, Welhouse KD, et al. Glucocorticoid Receptor Antagonist Alters Corticosterone and 
Receptor-sensitive mRNAs in the Hypoxic Neonatal Rat. Endocrinology. Jan 1 
2022;163(1)doi:10.1210/endocr/bqab232 

235. Leonard MO, Godson C, Brady HR, Taylor CT. Potentiation of glucocorticoid activity in hypoxia through 
induction of the glucocorticoid receptor. J Immunol. Feb 15 2005;174(4):2250-7. 
doi:10.4049/jimmunol.174.4.2250 

236. Zhang P, Fang L, Wu H, Ding P, Shen Q, Liu R. Down-regulation of GRα expression and inhibition of its 
nuclear translocation by hypoxia. Life Sci. Feb 1 2016;146:92-9. doi:10.1016/j.lfs.2015.12.059 

237. Henriquez AR, Snow SJ, Schladweiler MC, et al. Adrenergic and glucocorticoid receptor antagonists reduce 
ozone-induced lung injury and inflammation. Toxicol Appl Pharmacol. Jan 15 2018;339:161-171. 
doi:10.1016/j.taap.2017.12.006 

238. Meduri GU. Glucocorticoid receptor alpha as a core survival receptor: mechanisms, and implications for 
health and critical illness. Exploration of Endocrine and Metabolic Diseases. 2025;2:101451. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 
products referred to in the content. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 January 2026 doi:10.20944/preprints202601.0867.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.0867.v1
http://creativecommons.org/licenses/by/4.0/

