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Abstract

Introduction: The highly coordinated process of lung organogenesis is essential for healthy respiratory function. This review
aims to unveil the molecular pathways underlying alveolar development, a critical component of lung maturation.

Methods: A comprehensive literature analysis was conducted, focusing on significant signalling pathways, transcription
factors, and regulatory components involved in each stage of alveolar development. This approach was taken to understand
the molecular intricacies of both prenatal and postnatal lung development.

Results: Lung development progresses through five stages: embryonic, pseudoglandular, canalicular, saccular, and alveolar.
Each stage involves distinct morphological changes, alongside specific molecular interactions that regulate alveolar cell
differentiation and maturation. FGF signalling is crucial during the pseudoglandular and canalicular stages, while Wnt and
TGF-B signalling are particularly active in late-stage alveolarization, facilitating alveolar septation and surfactant production.
Transcription factors like Nkx2.1, Foxa2, and Sox2 orchestrate the development of epithelial cell populations that give rise to
alveoli. Disruptions in these molecular processes can result in impaired lung function and conditions such as ARDS and BPD.
Discussion: The intricate crosstalk between signalling pathways, transcription factors, and the extracellular matrix is critical
for proper alveolar development. The complex interplay of genetic, environmental, and mechanical factors can significantly
impact alveolar development, leading to severe respiratory conditions. While current research provides valuable insights, in
vivo studies are needed to elucidate the dynamics of crucial signalling pathways during lung development. Furthermore, the
long-term effects of early-life environmental exposures on alveolarization and lung function need to be explored.
Conclusion: Alveolarization is vital for lung development and respiratory function. This review highlights the importance of
signalling pathways and cellular interactions in this process.

Keywords: lung development; alveolarization; signaling pathways; transcription factors, bronchopulmonary dysplasia
(BPD); acute respiratory distress syndrome (ARDS); extracellular matrix (ECM); growth factors

Introduction

Human lung formation is essential to the proper
function of the respiratory system. This process is divided
into five stages: the embryonic, pseudoglandular,
canalicular, saccular, and alveolar stages [1]. Every stage is
distinguished by specific morphological and molecular
alterations that set the stage for later development and result
in the production of the alveoli, which are the primary sites
for gas exchange in the lungs. Comprehending these phases
is essential for clarifying the processes that underpin typical
lung growth and the root cause of diverse pulmonary
illnesses like ARDS and BPD. This review summarizes the
molecular mechanisms regulating lung development,
specifically alveolarization, and the pathologies resulting
from perturbations in the signalling pathways necessary for
proper pulmonary development.
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Methods

A thorough literature search was conducted on the
molecular pathways and mechanisms underlying alveolar
formation and alveolarization. The search included
PubMed, Toronto Metropolitan University libraries, and
Google Scholar databases. The following keywords and
combinations were used: "alveolar development,"
"alveolarization," "molecular pathways," "mechanisms,"
"lung development,” "alveolar epithelial cells,” "growth
factors," and "signalling pathways." A total of 153 papers
were initially identified through this search. Only peer-
reviewed articles published after the year 2000 that
concentrated on the molecular processes or pathways
essential to alveolar formation, like WNT, TGF-B, FGF,
BMP, and Notch pathways were used. This includes
reviews, meta-analyses, and experimental research; which
are free to download and offered in English. Studies that
mainly addressed non-lung organogenesis or general
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epithelial development without a focus on alveolarization
were excluded. 45 papers were ultimately shortlisted
following the initial round of exclusions. Studies that did
not provide original research data or a thorough
understanding of molecular pathways were further
eliminated following a thorough examination. Ultimately
27, publications made up the final review.

Results

The lower respiratory tract develops in five phases,
with the first stage starting on day 22 of gestation.
Maturation is completed at the age of eight [2].

5 Stages of Lung Development
Embryonic Stage (weeks 3-6)

Lung development begins at the embryonic stage when
the two primordial right and left buds emerge from the
foregut's ventral wall during the fourth week of gestation.
These then divide into the primary bronchial buds on the
left and right, giving rise to the secondary and tertiary
bronchi [3]. Branching morphogenesis starts with the
development of the primary bronchial buds. Future lung
lobes are formed in the fifth week when the primary
bronchial buds divide asymmetrically to generate secondary
bronchial buds. In the sixth week, the last wave of
branching divides secondary buds into tertiary buds,
forming adult lung bronchopulmonary segments [2]. At this
point, the bronchial trees’ basic structure is established [3].
The larynx, trachea, lung primordia, lobe, and
bronchopulmonary segments have formed by the
conclusion of the embryonic stage [2].

Pseudoglandular Stage (weeks 5-17)

During the pseudoglandular stage, the branching
morphogenesis of the bronchial tree continues, forming the
airways. By week 16, the tertiary bronchial buds undergo
considerable branching morphogenesis, forming the first 20
generations of the human respiratory tree [1]. By the time
this stage ends, the respiratory tree has grown to the point
of the terminal bronchioles, where smooth muscle,
cartilage, and an arterial system have all formed. Due to the
lack of development in the respiratory bronchioles, babies
born at this stage cannot facilitate gas exchange and will,
therefore, not survive [2]. Pulmonary fibroblasts are the
main cell type that produces extracellular matrix (ECM)
proteins. At the epithelial-mesenchymal interface, the ECM
consists of collagens I, Ill, and VI, decorin, lumican,
biglycan, and proteoglycans (PGs), which form a sleeve
around the bronchiolar ducts. Heparin sulphates, a
sulphated proteoglycan found in the ECM, can regulate
growth factor binding, signalling, and airway branching [4].

Canalicular Stage (weeks 16-25)

The differentiation of the airway epithelium and the
onset of vascularization are features of the canalicular stage
[5]. In the respiratory tree, this level denotes the separation of
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the conducting and respiratory units [2]. During this phase,
the terminal bronchioles develop, and each one gives rise to
alveolar ducts and respiratory bronchioles. Numerous cell
types, such as ciliated and secretory cells, also differentiate,
preparing the groundwork for developing gas exchange units
[5]. Three to six alveolar ducts are produced by the acinus.
This is formed by the extension and development of terminal
bronchioles. The thick capillary network formed by
angiogenesis in the mesodermal tissue surrounding the acinus
forms the blood-air barrier. In week 20, lamellar structures in
cuboidal type Il pneumocytes' cytoplasm appear, releasing
pulmonary surfactant into the alveoli [6]. Since this part of
the lungs exchanges gasses, infants delivered at this stage can
survive with intensive care, but the limited surface area and
type Il pneumocytes' inability to generate pulmonary
surfactant often lead to death [1].

Saccular Stage (weeks 24-birth)

The development of primitive alveoli, or terminal sacs,
occurs during the saccular stage. The lungs' gas-exchange
surface area grows during this phase, forming terminal sacs,
or "saccules." A thick primary septa featuring a twofold
capillary network and a central layer of connective tissue
divide these saccules apart [2]. Type Il alveolar cells
differentiate into flattened, squamous type | cells. These
produce surfactants which lower surface tension in alveoli
and prevent lung collapse. The sites where the capillary
endothelium and AT1s come into close contact will
eventually create the air-blood barrier [1]. The blood-air
barrier is made up of type | pneumocytes, the capillaries'
thin basement membrane, and endothelium. This is formed
when capillaries infiltrate the sacculi's thin walls and
creates an essential surface for effective gas exchange. The
creation of pulmonary surfactant starts at 24 weeks, but it
does not reach sufficient levels to stop atelectasis until 32
weeks. Consequently, babies born beyond 32 weeks have a
significantly higher probability of surviving [2].

Final stage: Alveolarization (weeks 36-8 years)

The alveolar stage lasts from late fetal to early
childhood and up to around eight years after birth. This
stage is characterized by extensive alveolarization, which
increases the surface area accessible for gas exchange
significantly by causing terminal air sacs to septate into
mature alveoli [7]. This stage involves the intricate
remodelling of distal lung airspaces into millions of tiny
alveoli, enhancing gas exchange efficiency and increasing
lung surface area. [1].

Immature alveoli develop as bulges from the sacculi
that infiltrate the major septa before birth. The protrusions
in the primary septa enlarge as the sacculi continue to grow;
these new, longer, thinner septations are called secondary
septa, and they oversee the respiratory tree of sacculi's final
division into alveoli. Septation happens in the interstitium
at locations where there is an increase in fibroblast activity,
as well as collagen and elastin fibre secretion [2]. The key
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ECM component influencing the alveolar walls' flexibility
is elastin, a structural protein whose deposition is greatest
around the locations of potential secondary crests [4].
Alveolar division is a process that lasts until the child is
three years old, with most divisions happening in the first
six months to make the diffusion barrier thinner. As
maturity advances, the double-layer capillary networks
merge into a single-layered network, each closely linked to
two alveoli. Lung enlargement occurs from alveolar growth
until the third year of life and continues until mature lungs
form at age eight [2].

Key Signalling Pathways

Type | and type Il alveolar epithelial cells develop from the
undifferentiated, glycogen-rich cuboidal epithelial cells of
the future alveolar ducts. The majority of the inner surface
area of the sacculi and alveolar ducts is covered in thin,
sheet-like extensions made up of type I cells.

The type Il cells are situated in the space between type
I cells, frequently near the points where three alveolar septa
converge. The future air-blood barrier forms at these sites
where the capillary endothelium and type | alveolar
epithelial cells come into close contact [1].
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Figure 1. The Five Stages of Lung Development and the Key Signalling Pathways (Created in BioRender.com).

Cellular/Molecular Mechanisms (Growth
Factors/Signalling Pathways)

Lung branching morphogenesis and alveolar formation
are primarily driven by epithelial-mesenchymal interactions
facilitated by fibroblast growth factors (FGFs), particularly
FGF10 [8]. Alveolar septation relies on the balance
between the synthesis and breakdown of the extracellular
matrix, regulated by transforming growth factor-beta (TGF-
B) signalling [9].

Transcriptional networks distinct to different lineages
coordinately regulate cell growth in lung formation. Before
reaching the pseudoglandular stage, multipotent
endodermal progenitor cells develop into Sox2+ proximal
or 1d2+/Sox9+ distal endodermal progenitors. During the
pseudoglandular stage, Sox9+ distal lung progenitor cells
develop early alveolar type 1 (AT1) and AT2 expression
characteristics. The primitive pulmonary terminal sac arises
during the canalicular stage. Differentiating fibroblasts
release Wnt, which can encourage the terminal sac
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epithelium to differentiate into AT1 and AT2 cells. During
the saccular stage, the terminal sac epithelium starts
separating and is encircled by capillaries. Squamous AT1
cells cover the gas exchange-related surface area in adult
alveoli and are near the capillary endothelial cells. On the
other hand, surfactants are mostly produced by AT2 cells
and are stored in lamellar bodies. By secreting factors (i.e.
surfactant protein, cytokines, chemokines, etc.) that prevent
bacterial growth and stimulate alveolar macrophages (AMs)
to fight infections, AT2 cells actively participate in innate
immunity. A subgroup of AT2 cells with strong
regenerative  ability enables rapid expansion and
regeneration of alveolar epithelium, responding specifically
to viral or bacterial infections, cigarette smoke exposure,
and other stimuli. Quiescence, proliferation, and
differentiation of AT2 cells are all controlled by an intricate
web of signalling pathways that span from lung
development to maintaining homeostasis in adults. These
pathways include cytokines (IL-1p, IL-4, IL-13, and IL-6),
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growth factors (e.g., TGF-B, FGFs, PDGF, EGF, and
VEGF), Wnt, Notch, Hippo/Yap, and bone morphogenetic
protein [10]. TGF-B, which AT2 cells release, is a key
mediator in converting fibroblasts to myofibroblasts and
induces a phenotype that preserves the matrix. It is also
linked to the secretion of ECM proteins and tissue
inhibitors of metalloproteinases (TIMPs). TGF-B-mediated
fibroblast activation in fibrotic tissues may also be
responsible for the proliferation of myofibroblasts in
circulating progenitors, endothelial cells, pericytes, and
epithelial cells. By encouraging the release of fibrogenic
cytokines, growth factors, and matricellular proteins by
macrophages, vascular cells, and epithelial cells, TGF-§
may also indirectly activate fibroblasts [11].

Lung development is governed by various chemical
signals, including retinoic acid, BMP, EGF, FGF,
Hedgehog, TGF-B, and WNT families [2]. Early lung
development depends on transcription factors such as
Nkx2.1, Foxa2, and Sox2, which regulate gene expression
necessary for lung tissue formation and differentiation.
Growth factors like VEGFs, TGF-p and FGFs, especially
FGF10, drive epithelial-mesenchymal interactions,
branching morphogenesis, and the formation of alveolar
structures. Vascular endothelial growth factors (VEGFs)
promote the development of the capillary network and
endothelial cell expansion [5]. TGF-B signalling is crucial
for myofibroblast differentiation and ECM deposition.
However, tight regulation is needed, as excessive TGF-§
activity can lead to fibrosis, hindering alveolar formation
[12].

Signaling pathways, notably Notch, Hedgehog, and
Wnt, manage cell division, proliferation, and spatial
organization during lung development ([5]. The
transcription factor Nkx2.1, essential for lung development,
is regulated by the Wnt/beta-catenin pathway in the
foregut's ventral endoderm; inactivation of Wnt2a, Wnt2b,
or beta-catenin leads to lung aplasia [2]. Wnt signalling
controls alveolar epithelial cell growth and differentiation.
Activation of the Wnt pathway increases type Il cell
proliferation and prevents their differentiation into type |
cells, maintaining the balance of alveolar cellular
composition [13]. The balance of these signals supports the
differentiation of alveolar epithelial cells, the growth of the
capillary network, and the deposition of ECM components,
all essential for the lung's functional architecture [5].

Pathologies related to Alveolar Development

Chronic lung disease and respiratory distress are
primarily caused by genetic abnormalities that impact
alveolar formation, including deficiencies in surfactant
protein [14]. Environmental factors like high oxygen levels
and mechanical ventilation in preterm infants can
exacerbate these issues [15].

Acute respiratory distress syndrome (ARDS) s
characterized by low oxygenation and “stiff" lungs. ARDS
leads to alveolar damage and capillary endothelial injury,
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resulting in pulmonary artery vasoconstriction and potential
pulmonary hypertension in patients. There are not many
effective treatment options for ARDS, and the syndrome
has a significant death rate (9% to 20% mortality rate).
Alveolarization is an important process that has a major
impact on the pathophysiology of ARDS. Acute, diffuse
lung parenchymal inflammation is the hallmark of ARDS,
which impairs gas exchange and causes respiratory failure.
This illness causes damage to the alveolar-capillary barrier,
leading to increased permeability, alveolar edema, and
subsequent fibrosis [16].

Patients with ARDS experience severe inflammation
characterized by leukocyte infiltration, procoagulant
activation, and cell damage, which leads to the breakdown
of the alveolar-epithelial barrier and the formation of
protein-rich edema in the alveoli. This allows fluid and big
plasma proteins to enter the interstitial tissue and flood the
alveolar airspaces. Alveolar epithelial damage can result
from various mechanisms, including cell death, reduced
tight junction (TJ)-mediated contact, ECM modifications,
immune  cell-epithelial communication  adjustments,
mechanical strain, inflammatory responses, incorrect
platelet activation, and increased pro-coagulation signal
production [17].

Effective ARDS treatment and management aim to
prevent further lung damage and promote alveolar healing.
To enhance outcomes for ARDS patients, therapies aimed
at ECM remodelling, such as antifibrotic medications, are
being investigated [17]. If alveolar development does not
improve, infants diagnosed with ARDS are later diagnosed
with BPD at 36 weeks’ gestation [18].

Bronchopulmonary dysplasia (BPD), a common
chronic lung disease in preterm infants, is characterized by
arrested alveolar development and abnormal vascularization
[19]. One of the main characteristics of BPD is the
disturbance of normal alveolar growth. Premature birth
disrupts the alveolar stage, which results in alveolar
simplification, a smaller surface area for gas exchange, and
decreased lung function. The compromised lung function
that characterizes BPD results from disruptions in
alveolarization brought on by inflammation, infection,
mechanical ventilation and oxygen toxicity, ECM
alterations, and growth factor dysregulation [20].

Infections, such as bacterial, viral, fungal and
mechanical ventilation, frequently cause prenatal and
postnatal inflammation, which interferes with the signalling
pathways needed for alveolarization. Alveolar epithelial
and endothelial cells are susceptible to damage from pro-
inflammatory cytokines like IL-1p and TGF-B and
oxidative stress, which can hinder their growth and
differentiation. These cytokines are elevated in BPD and
promote inflammatory reactions. Both oxygen toxicity and
volutrauma can result from necessary therapies for
premature newborns, such as oxygen therapy and
mechanical ventilation. These therapies produce reactive
oxygen species (ROS), which promotes inflammation and
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impairs normal lung architecture and function by causing
damage to the alveoli and vasculature. Deviations from
normal growth factor signalling, including decreased VEGF
or modified TGF-p pathways, hinder angiogenesis and the
function of epithelial cells, which are essential for
alveologenesis [20].

Changes in the composition and remodelling of the
ECM impact the signalling and structural integrity required
for alveolarization. In BPD, fibrosis and increased ECM
deposition are frequently seen. These changes include
elevated elastin, increased collagen types I, 111, and IV, and
increased matrix deposition in the basement membrane and
interstitial ECM [20].

Exogenous surfactants and corticosteroids are currently
used to treat BPD in preterm newborns, but their limitations
necessitate the development of better therapeutic
alternatives [21]. Corticosteroids, such as hydrocortisone
and dexamethasone, reduce lung inflammation in premature
newborns. When given postnatally, they have been proven
to reduce the incidence of BPD [21]. However, there are
serious hazards connected to these treatments, including the
possibility of adverse neurodevelopmental effects [22].
When systemic corticosteroids are administered within the
first week of life, they may cause side effects such as
cerebral palsy and developmental delays [21].

Recent research has looked at the intratracheal delivery
of corticosteroids and surfactants to alleviate these side
effects. This approach targets the lungs directly while
limiting systemic exposure. Trials such as the PLUSS (The
Preventing Lung Disease Using Surfactant + Steroid Trial)
study are investigating the safety and efficacy of this
strategy. The PLUSS experiment aims to assess whether
intratracheal  budesonide combined with  surfactant
increases survival without causing bronchopulmonary
dysplasia (BPD) in preterm infants. According to the results
of the randomized studies, intratracheal budesonide in a
surfactant vehicle is a potentially effective treatment for
improving survival in patients without BPD; but more
research must be done [22].

In premature newborns, exogenous surfactant therapy
is used to treat respiratory distress syndrome (RDS), which
has been linked to the development of BPD. Surfactant
therapy has been shown to be beneficial in reducing the
need for mechanical ventilation and improving lung
function, but by itself has not been able to significantly
lower the overall incidence of BPD since it does not
address the underlying injury and inflammation [23].

Better therapeutic alternatives are required to solve
these issues. Novel anti-inflammatory medications, targeted
therapy that reduces systemic adverse effects, and less
invasive surfactant administration techniques are among
potential tactics [24].

Discussion
The intricate process of lung development, particularly
alveolarization, ensures effective respiratory function.
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Understanding these mechanisms is essential for
comprehending lung development and identifying the
causes of pulmonary diseases, such as BPD and ARDS. The
disruption of alveolar development due to genetic,
environmental, and mechanical factors can lead to
significant respiratory complications. Treatments for
diseases like BPD and ARDS have been greatly impacted
by our growing understanding of alveolar formation leading
to various clinical implications. In order to reduce lung
damage in preterm infants with BPD who have decreased
alveolar growth as a result of oxygen therapy and
mechanical ventilation, physicians are using gentler
techniques like continuous positive airway pressure (CPAP)
and non-invasive ventilation [25]. With regard to ARDS,
knowledge of alveolar repair has resulted in lung-protective
ventilation techniques that lessen the strain on damaged
alveoli [26]. The goal of cutting-edge therapies like
extracorporeal membrane oxygenation (ECMO) and other
strategies like stem cell therapy is to encourage alveolar
repair [27].

Ongoing research into signalling pathways and ECM
remodelling offers promising avenues for developing
targeted therapies to mitigate these conditions and improve
respiratory outcomes.

However, the current literature has some limitations.
More detailed in vivo studies are needed to better
understand the temporal and spatial dynamics of key
signalling pathways during lung development. Additionally,
there needs to be more research on the long-term impacts of
early-life environmental exposures, such as pollutants and
infections, on alveolarization and lung function in
adulthood. Future studies should focus on how these early
environmental influences affect the development of alveoli
and signalling pathways over time. Comprehending these
pathways can aid in the formulation of preventive and
therapeutic approaches aimed at reducing long-term
detrimental impacts on lung function. By filling in these
gaps, we can improve our understanding of lung
development and associated illnesses, leading to the
development of new treatments for patients with disorders
like ARDS and BPD.

Conclusion

In summary, alveolarization is a vital process in lung
development that underpins effective respiratory function
throughout life. This review has highlighted the stages of
lung development, from the embryonic phase to
alveolarization, emphasizing the molecular mechanisms
and cellular interactions that drive these processes. Future
studies focusing on the intricate balance of growth factors,
signalling pathways, and ECM components will be crucial
in advancing our knowledge and treatment of lung
development disorders.
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AMs: alveolar macrophages

ARDS: acute respiratory distress syndrome
AT1: alveolar type 1

AT?2: alveolar type 2

BMP: bone morphogenetic proteins

BPD: bronchopulmonary dysplasia

CPAP: continuous positive airway pressure
ECM: extracellular matrix

ECMO: extracorporeal membrane oxygenation
EGF: epidermal growth factor

Fbs: fibroblasts

FGF: fibroblast growth factors

Foxa2: forkhead box protein A2

HS: heparin sulphates

Id2+; inhibitor of DNA binding 2

IL-13: interleukin 13

IL-1B: interleukin-1 beta

IL-4: interleukin 4

IL-6: interleukin 6

Nkx2.1: NK2 homeobox 1

PDGF: platelet-derived growth factor

PGs: proteoglycans

PLUSS: preventing lung disease using surfactant + steroid
trial

RDS: respiratory distress syndrome

ROS: reactive oxygen species

Sox2: SRY-box transcription factor 2
Sox9+: SRY-box transcription factor 9
TGF-B: transforming growth factor-beta
TIMPs: tissue inhibitors of metalloproteinases
TJ: tight junction

VEGEF: vascular endothelial growth factor
Whnt: wingless-related integration site

Yap: yes-associated protein

Conflicts of Interest
The author declares that they have no conflicts of interest.

Ethics Approval and/or Participant Consent

This review paper presents and evaluates already published
research; thus, no ethics approval nor participant agreement
are needed. The study did not acquire any new data from
participants who were humans or animals, nor did it involve
any confidential information that would require ethical
review.

Authors' Contributions

RS: Contributed to all aspects of the manuscript, including
conceptualization, literature review, drafting, revisions, and
final approval of published manuscript.

Acknowledgements
I would like to thank Ayla Shahid for her invaluable
guidance and support throughout the writing of this review

Sivapalan | URNCST Journal (2024): Volume 8, Issue 11
DOI Link: https://doi.org/10.26685/urncst.705

journal. Her insights and feedback greatly contributed to the
development of this manuscript.

Funding
This study was not funded.

References

[1] Schittny JC. Development of the lung. Cell Tissue Res.
2017 Mar;367(3):427—44. https://doi.org/10.1007/
s00441-016-2545-0

[2] Rehman S, Bacha D. Embryology, Pulmonary. In:
StatPearls [Internet]. Treasure Island (FL): StatPearls
Publishing; 2024 [cited 2024 Nov 4]. Available from:
http://www.ncbi.nlm.nih.gov/books/NBK544372/

[3] Caldeira I, Fernandes-Silva H, Machado-Costa D,
Correia-Pinto J, Moura RS. Developmental Pathways
Underlying Lung Development and Congenital Lung
Disorders. Cells. 2021 Nov 2;10(11):2987. https://
doi.org/10.3390/cells10112987

[4] Busch SM, Lorenzana Z, Ryan AL. Implications for
Extracellular Matrix Interactions With Human Lung
Basal Stem Cells in Lung Development, Disease, and
Airway Modeling. Front Pharmacol. 2021 May 12;12:
645858. https://doi.org/10.3389/fphar.2021.645858

[5] Warburton D, El-Hashash A, Carraro G, Tiozzo C, Sala
F, Rogers O, et al. Chapter Three - Lung
Organogenesis. In: Koopman P, editor. Current Topics
in Developmental Biology [Internet]. Academic Press;
2010 [cited 2024 Nov 4]. p. 73-158. (Organogenesis in
Development; vol. 90). Available from: https://www.sc
iencedirect.com/science/article/pii/S0070215310900033

[6] Beers MF, Moodley Y. When Is an Alveolar Type 2
Cell an Alveolar Type 2 Cell? A Conundrum for Lung
Stem Cell Biology and Regenerative Medicine. Am J
Respir Cell Mol Biol. 2017 Jul;57(1):18-27. https://
doi.org/10.1165/rcmb.2016-0426ps

[7] Langston C. New concepts in the pathology of
congenital lung malformations. Seminars in Pediatric
Surgery. 2003 Feb;12(1):17-37. https://doi.org/10.
1016/s1055-8586(03)70004-3

[8] Volckaert T, De Langhe S. Lung epithelial stem cells
and their niches: Fgf10 takes center stage. Fibrogenesis
Tissue Repair. 2014 Dec;7(1):8. https://doi.org/10.
1186/1755-1536-7-8

[9] ShiW, Xu J, Warburton D. Development, repair and
fibrosis: What is common and why it matters.
Respirology. 2009 Jul;14(5):656-65. https://doi.org/
10.1111/j.1440-1843.2009.01565.x

[10]Song L, Li K, Chen H, Xie L. Cell Cross-Talk in
Alveolar Microenvironment: From Lung Injury to
Fibrosis. Am J Respir Cell Mol Biol. 2024 Jul;71
(1):30-42.https:/doi.org/10.1165/rcmb.2023-0426tr

[11] Frangogiannis NG. Transforming growth factor—f in
tissue fibrosis. Journal of Experimental Medicine. 2020
Mar 2;217(3):e20190103. https://doi.org/10.1084/jem.
20190103

Page 6 of 8


https://www.urncst.com/
https://doi.org/10.26685/urncst.705
https://doi.org/10.1007/s00441-016-2545-0
https://doi.org/10.1007/s00441-016-2545-0
http://www.ncbi.nlm.nih.gov/books/NBK544372/
https://doi.org/10.3390/cells10112987
https://doi.org/10.3390/cells10112987
https://doi.org/10.3389/fphar.2021.645858
https://www.sciencedirect.com/science/article/pii/S0070215310900033
https://www.sciencedirect.com/science/article/pii/S0070215310900033
https://doi.org/10.1165/rcmb.2016-0426ps
https://doi.org/10.1165/rcmb.2016-0426ps
https://doi.org/10.1016/s1055-8586(03)70004-3
https://doi.org/10.1016/s1055-8586(03)70004-3
https://doi.org/10.1186/1755-1536-7-8
https://doi.org/10.1186/1755-1536-7-8
https://doi.org/10.1111/j.1440-1843.2009.01565.x
https://doi.org/10.1111/j.1440-1843.2009.01565.x
https://doi.org/10.1165/rcmb.2023-0426tr
https://doi.org/10.1084/jem.20190103
https://doi.org/10.1084/jem.20190103

UNDERGRADUATE RESEARCH IN NATURAL AND CLINICAL SCIENCE AND TECHNOLOGY (URNCST) JOURNAL
Read more URNCST Journal articles and submit your own today at: https://www.urncst.com

[12] Tzavlaki K, Moustakas A. TGF-f Signaling.
Biomolecules. 2020 Mar 23;10(3):487. https://doi.org/
10.3390/biom10030487

[13]Li C, Hu L, Xiao J, Chen H, Li JT, Bellusci S, et al.
Whnt5a regulates Shh and Fgf10 signaling during lung
development. Developmental Biology. 2005 Nov;287
(1):86-97. https://doi.org/10.1016/j.ydbio.2005.08.035

[14]1Nogee LM, Dunbar AE, Wert SE, Askin F, Hamvas A,
Whitsett JA. A Mutation in the Surfactant Protein C
Gene Associated with Familial Interstitial Lung
Disease. N Engl J Med. 2001 Feb 22;344(8):573-9.
https://doi.org/10.1056/nejm200102223440805

[15] Bhandari A, Bhandari V. Pitfalls, Problems, and
Progress in Bronchopulmonary Dysplasia. Pediatrics.
2009 Jun 1;123(6):1562—73. https://doi.org/10.1542/

peds.2008-1962

[16] Diamond M, Peniston HL, Sanghavi DK, Mahapatra S.

Acute Respiratory Distress Syndrome. In: StatPearls
[Internet]. Treasure Island (FL): StatPearls Publishing;
2024 [cited 2024 Nov 4]. Available from: http://www.
ncbi.nlm.nih.gov/books/NBK436002/

[17]Herrero R, Sanchez G, Lorente JA. New insights into
the mechanisms of pulmonary edema in acute lung
injury. Ann Transl Med. 2018 Jan;6(2):32-32. https:
//doi.org/10.21037/atm.2017.12.18

[18] Sahni M, Mowes AK. Bronchopulmonary Dysplasia.
In: StatPearls [Internet]. Treasure Island (FL):
StatPearls Publishing; 2024 [cited 2024 Nov 4].
Available from: http://www.ncbi.nlm.nih.gov/books/
NBK539879/

[19] Jobe AH, Bancalari E. Bronchopulmonary Dysplasia.
Am J Respir Crit Care Med. 2001 Jun 1;163(7):1723—
9. https://doi.org/10.1164/ajrccm.163.7.2011060

[20] Silva DMG, Nardiello C, Pozarska A, Morty RE.
Recent advances in the mechanisms of lung
alveolarization and the pathogenesis of
bronchopulmonary dysplasia. American Journal of
Physiology-Lung Cellular and Molecular Physiology.
2015 Dec 1;309(11):L1239-72. https://doi.org/10.
1152/ajplung.00268.2015

[21] Cummings JJ, Pramanik AK, COMMITTEE ON
FETUS AND NEWBORN. Postnatal Corticosteroids
to Prevent or Treat Chronic Lung Disease Following
Preterm Birth. Pediatrics. 2022 Jun 1;149(6):e2022
057530 https://doi.org/10.1542/peds.2022-057530

[22] Francis KL, McKinlay CJD, Kamlin COF, Cheong
JLY, Dargaville PA, Dawson JA, et al. Intratracheal
budesonide mixed with surfactant to increase survival
free of bronchopulmonary dysplasia in extremely
preterm infants: statistical analysis plan for the
international, multicenter, randomized PLUSS trial.
Trials. 2023 Nov 6;24(1):709. https://doi.org/10.1186/
513063-023-07650-0

[23] Glaser K, Bamat NA, Wright CJ. Can we balance early
exogenous surfactant therapy and non-invasive
respiratory support to optimise outcomes in extremely
preterm infants? A nuanced review of the current
literature. Arch Dis Child Fetal Neonatal Ed. 2023
Nov;108(6):554-60. https://doi.org/10.1136/archdis
child-2022-324530

[24] Doyle LW. Postnatal Corticosteroids to Prevent or
Treat Bronchopulmonary Dysplasia. Neonatology.
2021;118(2):244-51. https://doi.org/10.1159/0005
15950

[25] Davidson L, Berkelhamer S. Bronchopulmonary
Dysplasia: Chronic Lung Disease of Infancy and Long-
Term Pulmonary Outcomes. JCM. 2017 Jan 6;6(1):4.
https://doi.org/10.3390/jcm6010004

[26] Thompson BT, Chambers RC, Liu KD. Acute
Respiratory Distress Syndrome. Drazen JM, editor. N
Engl J Med. 2017 Aug 10;377(6):562-72. https://doi.
0rg/10.1056/nejmral608077

[27]Wilson JG, Liu KD, Zhuo H, Caballero L, McMillan
M, Fang X, et al. Mesenchymal stem (stromal) cells for
treatment of ARDS: a phase 1 clinical trial. The Lancet
Respiratory Medicine. 2015 Jan;3(1):24-32. https://
doi.org/10.1016/s2213-2600(14)70291-7

Avrticle Information
Managing Editor: Jeremy Y. Ng
Peer Reviewers: Ayla Shahid, Krishna Gandhi

Avrticle Dates: Received Jul 27 24; Accepted Oct 26 24; Published Nov 28 24

Citation
Please cite this article as follows:

Sivapalan R. Molecular mechanisms driving alveolarization and their clinical implications: A literature review. URNCST
Journal. 2024 Nov 28: 8(11). https://urncst.com/index.php/urncst/article/view/705

DOI Link: https://doi.org/10.26685/urncst.705

Sivapalan | URNCST Journal (2024): Volume 8, Issue 11

DOI Link: https://doi.org/10.26685/urncst.705

Page 7 of 8


https://www.urncst.com/
https://doi.org/10.26685/urncst.705
https://doi.org/10.3390/biom10030487
https://doi.org/10.3390/biom10030487
https://doi.org/10.1016/j.ydbio.2005.08.035
https://doi.org/10.1056/nejm200102223440805
https://doi.org/10.1542/peds.2008-1962
https://doi.org/10.1542/peds.2008-1962
http://www.ncbi.nlm.nih.gov/books/NBK436002/
http://www.ncbi.nlm.nih.gov/books/NBK436002/
https://doi.org/10.21037/atm.2017.12.18
https://doi.org/10.21037/atm.2017.12.18
http://www.ncbi.nlm.nih.gov/books/NBK539879/
http://www.ncbi.nlm.nih.gov/books/NBK539879/
https://doi.org/10.1164/ajrccm.163.7.2011060
https://doi.org/10.1152/ajplung.00268.2015
https://doi.org/10.1152/ajplung.00268.2015
https://doi.org/10.1542/peds.2022-057530
https://doi.org/10.1186/s13063-023-07650-0
https://doi.org/10.1186/s13063-023-07650-0
https://doi.org/10.1136/archdischild-2022-324530
https://doi.org/10.1136/archdischild-2022-324530
https://doi.org/10.1159/000515950
https://doi.org/10.1159/000515950
https://doi.org/10.3390/jcm6010004
https://doi.org/10.1056/nejmra1608077
https://doi.org/10.1056/nejmra1608077
https://doi.org/10.1016/s2213-2600(14)70291-7
https://doi.org/10.1016/s2213-2600(14)70291-7
https://urncst.com/index.php/urncst/article/view/705
https://doi.org/10.26685/urncst.705

UNDERGRADUATE RESEARCH IN NATURAL AND CLINICAL SCIENCE AND TECHNOLOGY (URNCST) JOURNAL
Read more URNCST Journal articles and submit your own today at: https://www.urncst.com

Copyright

© Raxsana Sivapalan. (2024). Published first in the Undergraduate Research in Natural and Clinical Science and Technology
(URNCST) Journal. This is an open access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work, first published in the Undergraduate Research in Natural and Clinical Science and Technology
(URNCST) Journal, is properly cited. The complete bibliographic information, a link to the original publication on
http://www.urncst.com, as well as this copyright and license information must be included.

URNCST Journal ~ Fujded by the C da
*Research in Earnest” Of Canada ana a

Do you research in earnest? Submit your next undergraduate research article to the URNCST Journal!
| Open Access | Peer-Reviewed | Rapid Turnaround Time | International |
| Broad and Multidisciplinary | Indexed | Innovative | Social Media Promoted |
Pre-submission inquiries? Send us an email at info@urncst.com | Facebook, Twitter and LinkedIn: @URNCST
Submit YOUR manuscript today at https://www.urncst.com!

Sivapalan | URNCST Journal (2024): Volume 8, Issue 11 Page 8 of 8
DOI Link: https://doi.org/10.26685/urncst.705



https://www.urncst.com/
https://doi.org/10.26685/urncst.705
https://creativecommons.org/licenses/by/4.0/
http://www.urncst.com/
mailto:info@urncst.com
https://www.facebook.com/urncst
https://twitter.com/urncst
https://www.linkedin.com/company/urncst
https://www.urncst.com/

	Abstract
	Keywords: lung development; alveolarization; signaling pathways; transcription factors, bronchopulmonary dysplasia (BPD); acute respiratory distress syndrome (ARDS); extracellular matrix (ECM); growth factors
	Introduction
	Methods
	Results
	Discussion
	Conclusion
	List of Abbreviations
	Conflicts of Interest
	Authors' Contributions
	Acknowledgements
	Funding
	Article Information
	Citation
	Copyright

