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Perspectives of PDE inhibitor on
treating idiopathic pulmonary
fibrosis

Xudan Yang, Zhihao Xu*, Songhua Hu and Juan Shen

Department of Respiratory and Critical Care Medicine, The Fourth Affiliated Hospital, School of Medicine,
Zhejiang University, Yiwu, China

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive interstitial lung disease
(ILD) without an identifiable cause. If not treated after diagnosis, the average life
expectancy is 3-5 years. Currently approved drugs for the treatment of IPF are
Pirfenidone and Nintedanib, as antifibrotic drugs, which can reduce the decline
rate of forced vital capacity (FVC) and reduce the risk of acute exacerbation of IPF.
However these drugs can not relieve the symptoms associated with IPF, nor
improve the overall survival rate of IPF patients. We need to develop new, safe and
effective drugs to treat pulmonary fibrosis. Previous studies have shown that cyclic
nucleotides participate in the pathway and play an essential role in the process of
pulmonary fibrosis. Phosphodiesterase (PDEs) is involved in cyclic nucleotide
metabolism, so PDE inhibitors are candidates for pulmonary fibrosis. This paper
reviews the research progress of PDE inhibitors related to pulmonary fibrosis, so as
to provide ideas for the development of anti-pulmonary fibrosis drugs.
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1 Introduction

IPF is a chronic, progressive age-related interstitial lung disease (ILD) of unknown
etiology. If not treated after diagnosis, the average life expectancy is 3-5 years (King et al.,
2011; Richeldi et al, 2017). Although the understanding of IPF has been significantly
improved, the critical pathways of disease still need to be further explored. It is generally
believed that environmental stressors and genetic susceptibility are the key factors that
activate and promote the development of pulmonary fibrosis (Maher et al, 2007;
Margaritopoulos et al, 2012). Genetic, environmental factors (smoking, dust, etc.),
infection (EB virus, cytomegalovirus, herpesvirus), aging and other aspects interact to
initiate continuous micro-damage of alveolar epithelial cells (Stewart et al., 1999; Lok et al.,
2001; Tang et al.,, 2003; Maher et al.,, 2007; Richeldi et al., 2017). Alveolar macrophages
recognize epithelial injury and amplify inflammatory response, secrete transforming growth
factor-p (TGF-B),IL-10, platelet-derived growth factor (PDGF), and other cytokines, recruit
fibroblasts to the injured site, transform fibroblasts into myofibroblasts, stimulate alveolar
epithelial cells to undergo epithelial-mesenchymal transformation (EMT), and
myofibroblasts secrete extracellular matrix components (ECM). It eventually leads to the
occurrence, development and maintenance of pulmonary fibrosis (Craig et al., 2015; Pardali
etal, 2017; Sgalla et al., 2018; Spagnolo et al., 2018). Many cell types and signaling pathways
are involved in disease pathogenesis. The process of pulmonary fibrosis involves epithelial
repair disorders, cell senescence, and immune response disorders. Because redundant cell
types, growth factors, and fibrosis pathways are involved in the pathogenesis of the disease,
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there is still a lack of effective treatment for the progressive stage of
IPF (Spagnolo et al., 2018).

Pirfenidone and Nintedanib, the latest two antifibrotic drugs,
can significantly reduce the decline rate of forced vital capacity
(FVC) within 1 year in IPF patients with mild and moderate lung
function impairment. Moreover, it can reduce the risk of acute
exacerbation in IPF patients with mild and moderate lung function
impairment. Nintedanib is a small molecular tyrosine kinase
inhibitor, which can inhibit platelet-derived growth factor
receptor (PDGFR), fibroblast growth factor receptor (FGFR) and
vascular endothelial growth factor receptor (VEGFR) on the cell
surface. It competitively binds to adenosine triphosphate (ATP)
binding sites on these intracellular receptor kinase domains, block
intracellular signal transduction and inhibit fibroblast proliferation,
migration, and transformation (Richeldi et al., 2017). Pirfenidone is
a broad-spectrum anti-fibrotic drug with anti-inflammatory and
anti-oxidant effects. Its mechanism is not completely clear
(Spagnolo et al., 2020). However, the clinical studies had found
that neither these two drugs alleviated the IPF-related symptoms nor
improved the overall survival rate of IPF patients (Noble et al., 2011;
King et al,, 2014; Costabel et al., 2016). Furthermore, although
Nintedanib and pirfenidone have good safety in clinical trials,
there are still a few patients with adverse reactions, including
nausea and vomiting, skin photosensitization, dizziness, and liver
function damage (Richeldi et al., 2017). Therefore, we hope to
explore more effective drugs for IPF. As with other fibrotic
diseases, anti-fibrosis therapy focuses on avoiding tissue damage
and eliminating remodeling of tissue parenchyma and function
decline resulting from ECM deposition. Accumulating evidence
suggests that cyclic nucleotides are involved in the regulation of
pulmonary fibrosis.

Cyclic nucleotides ¢cAMP and c¢GMP are typical second
messengers. In the classical paradigm, in response to extracellular
stimuli, CAMP or cGMP are respectively synthesized by adenylate
cyclase (AC) or guanylate cyclase (GC) located on the plasma
membrane, and then spread throughout the cell, where they
interact with the specific effector proteins that regulate cell
function, such as cell proliferation and differentiation,
inflammation, apoptosis and metabolic pathways (Bolger, 2021).
Phosphodiesterase (PDEs)
metabolism. So exploring the role of cyclic nucleotides and PDEs

is involved in cyclic nucleotide

in the development of pulmonary fibrosis is helpful for developing
anti-fibrosis drugs.

2 Mechanism of cyclic nucleotides
regulating fibrosis

cAMP is an essential regulator of fibroblast function. The
extracellular stimulators bind to the G protein-coupled receptor
(GPCRs) on cell membrane, and adenylate cyclase (AC) responds to
the activation of GPCRs to produce cAMP. cAMP enables the
transmission of extracellular signals into the cell along defined
and specific pathways within the network, allowing for signal
regulation inside and outside the cell. This process, referred to as
Compartmentalization, is a crucial aspect of cAMP signaling (Zuo
et al.,, 2019a). cAMP participates in regulation mainly through four
effectors: PKA (protein kinase A protein kinase, PKA), Epac
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FIGURE 1

Domain architecture of EPAC isoforms: EPAC proteins are single
polypeptide molecules which consist of an N-terminal regulatory
region and a C-terminal catalytic region. The catalytic region at the C
terminus is mainly composed of three structural and: Ras

exchange motif (REM), Ras association (RA), CDC25 homology
domain [also known as the guanine nucleotide exchange factor for
Ras-like small GTPases (RasGEF) domain] responsible for nucleotide
exchange activity. The two subtypes had different structures in the
N-terminal regulatory region. The Epac2A regulation region contains
two CAMP-binding domains, CNB-B and CNB-A. However, Epacl,
Epac2A and Epac2B all have Disheveled/Egl-10/pleckstrin (DEP)
domains, which are correlated with subcellular localization of Epac.
Epaclis widely expressed in human tissues, such as the hippocampus,
thyroid, breast, and lung. EPAC2A is mainly expressed in the central
nervous system, pituitary gland and adrenal gland.

(exchange protein activated by cAMP, Epac), cyclic nucleotide-
gated (CNG) ion channels, and the Popeye domain-containing
protein family (Zuo et al., 2019a). Furthermore, the cAMP/PKA
pathway and the cAMP/Epac pathway have been reported the most
in pulmonary fibrosis (Liu et al., 2004; Yokoyama et al., 2008; Insel
et al., 2012).

The NO-GC-cGMP signaling pathway initiates with the
catalytic conversion of arginine and molecular oxygen to NO and
citrulline by nitric oxide synthase. After binding of lipophilic NO to
sGC in the cytosol, sGC is fully activated and catalyzes the formation
of the second messenger cGMP. cGMP can then bind to a variety of
effectors to regulate cellular activity.

2.1 The cAMP/Epac pathway

Epac is widely found in lung, brain, and kidneyed. It participates
in cAMP-mediated signal transduction by activating Ras-like small
GTP enzyme Rap (Kawasaki et al., 1998). In cooperatione with PKA
or alone, it undertakes numerous cAMP functions, such as
regulating macrophage inflammation, epithelial cell adhesion,
fibroblast proliferation, and differentiation. Epac consists of a
regulatory region at its N-terminus and a catalytic region at the
C-terminus. Based on the differences in the N-terminal regulatory
region, Epac can be divided into two subtypes: Epacl and Epac2
(Figure 1) (Niimura et al, 2009). By comparing pulmonary
fibroblasts from normal patients to those from pulmonary
fibrotic patients using Western blot, the study demonstrates that
Epacl is primarily expressed in the former group (Huang et al.,
2008a). So, Epacl may be responsible for the anti-fibrosis effect in
the lung. Moreover, the lower cAMP concentration prioritizes the
Epac pathway’s activation (Yokoyama et al., 2008). Based on these
findings, Epac appears to be an attractive therapeutic target for the
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FIGURE 2

Epac via differential cellular pathways inhibit the process of IPF. T means increase or upregulated; | means decrease or downregulated.

treatment of pulmonary fibrosis. Epac can regulate the proliferation,
migration, and relaxation of airway smooth muscle cells (ASMC) in
IPF, thereby correcting dysfunction and retarding the progression of
IPF, which may be due to the reduction of RhoA activity by cAMP/
Epac/Rapl signaling (Roscioni et al., 2011; Zieba et al., 2011). Epac
agonist promotes endothelial cells (ECs) survival by reducing the
activities of pro-apoptotic caspases in a PI3K/Akt and MEK/ERK
signalling-dependent manner (Giindiiz et al, 2019). Besides,
inhibition of MEK/ERK signaling enhances the stabilizing and
protective effects of cAMP/Epac activation on endothelial cell
barrier, indirectly inhibiting the progression of pulmonary
fibrosis (Giindiiz et al,, 2019). TGF-B is an important profibrotic
factor. In lung epithelial cells, EPAC is involved in the inhibition of
transforming growth factor-p-dependent cell migration and
adhesion, and endogenous TGFRI can form a complex with
EPACI1 (Conrotto et al,, 2007). In immune cells, Epac also can
reverse the polarization of macrophages to pro-fibrotic M2, the
mechanism of which remains to be explored (Hartopo et al., 2013).
The antifibrotic effect of Epac may be multifaceted. Therefore, the
anti-fibrosis mechanism is not well explained (Yokoyama et al,
2008). T cells also play an important role in the development of
pulmonary fibrosis. In the early stage of pulmonary fibrosis, the
major effector target T cells are regulatory T cells (Tregs). Treg are
involved in early pulmonary fibrosis by secreting pro-fibrotic factors
such as TGF-f, PDGF (Hou et al., 2017). However, as a homeostatic
regulator of the immune response, Tregs can also mediate upstream
inflammatory events and indirectly reduce the development of
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fibrosis by suppressing inflammation and T helper cell responses
(Wilson and Wynn, 2009). Therefore, Tregs may have a different
role in the process of pulmonary fibrosis at each stage. Epacl can
boosts Treg-mediated suppression effector T-cells (Teffs) while
sensitizing Teffs to suppression (Almahariq et al, 2015). So,
activation of Treg cells and regulating cAMP/EPAC in T cells
may become a new strategy for the prevention and treatment of
IPF. Mesenchymal Stem Cells (MSCs) is also involved in pulmonary
fibrosis, but the effects are multifaceted. On the one hand, MSCs
migrate to sites of lung injury to renew injured epithelial cells
(Toonkel et al, 2013). On the other hand, the migration and
their
differentiation into myofibroblasts and aggravate pulmonary
fibrosis (El Agha et al, 2017). However, MSCs has been
suggested as a therapy for the treatment of IPF (Toonkel et al,
2013). cAMP/Epac/Rap1 can promote the homing and migration of
MSCs by enhancing stromal cell derived factor 1 (SDF-1), thereby
enabling the repair of lung epithelial cells (Toonkel et al.,, 2013). A

adhesion of mesenchymal stem cells contribute to

summary of the above cell types’ correlation with EPAC and IPF is
shown in Figure 2.

2.2 The cAMP/PKA pathway

PKA is also involved in the regulation of fibrosis. Endoplasmic
reticulum stress (ER stress) contributes to the apoptosis of type II
alveolar epithelial cells (AECs), which are involved in the process of
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PKA pathways inhibit the process of IPF. cAMP/PKA can inhibit
endoplasmic reticulum stress and promote dedifferentiation of
myofibroblasts to realize anti-fibrosis. p75N™® regulates tissue fibrosis
through inhibition of plasminogen activation via a PDE4/cAMP/

PKA pathway. But it needs to be further verified in pulmonary fibrosis.

pulmonary fibrosis (Kropski and Blackwell, 2018; Borok et al., 2020).
ER stress stimulates NLRP3 inflammasome activation and promotes
the process of lung fibrosis (Stout-Delgado et al., 2016). However,
cAMP/PKA is a negative feedback regulator of ER stress-induced
NLRP3 inflammasome activation, decreasing ACEIl pyroptosis
(Hong et al, 2022). Prostaglandin (PG) E2 is a metabolite of
arachidonic acid, mainly produced by alveolar epithelial cells and
lung fibroblasts (Wilborn et al, 1995). Although it is a
proinflammatory factor, it is essential in maintaining lung
PGE2 inhibits cell
proliferation, collagen accumulation, and differentiation into
myofibroblasts (Elias et al., 1985; Wilborn et al., 1995; Kohyama
et al., 2001). Therefore, PGE2 is considered to be a protective factor

homeostasis. In the lung, migration,

in pulmonary fibrosis. The downstream signal transduction of
PGE2 is realized by binding to G protein coupled receptor EP1-
EP4. However, Gas-coupled E prostanoid (EP) 2 receptor will lead
to an increaseing in cAMP (Huang et al., 2007). Therefore, the
antifibrotic effect of PGE2 may be realized by the downstream effect
mediated by cAMP.PGE2/Epacl/Rap pathway activation inhibites
fibroblast proliferation, whereas PGE2/PKA activation inhibites
collagen expression (Huang et al., 2008b). Futhermore, PGE2 can
induce de-differentiation of human pulmonary myofibroblasts
through cAMP/PKA  pathway (Fortier et al, 2021).
p75 neurotrophin receptor (p75"™), a TNF receptor superfamily
member upregulated after tissue injury, is involved in the regulation
of proteolytic activity and fibrin degradation (Sachs et al., 2007). In
neuronal tissues, p75™'® regulates tissue fibrosis through inhibition
of plasminogen activation via a PDE4/cAMP/PKA pathway.
However, p75~™ is also expressed in lung inflammation (Renz
et al,, 2004). Therefore, the p75~""/PDE4/cAMP/PKA pathway it
is a potential target for the study of pulmonary fibrosis. Respectively,
activating the EPAC and PKA pathways, with the cAMP analogs 8-
Me-cAMP and N6-cAMP, can reduce the sensitivity of fibroblasts to
TGF-p and the production of myofibroblasts and extracellular
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NO/sGC-cGMP pathway in pulmonary fibrosis. Aging leads to a
decrease in the antioxidant capacity of Nrf2. This pro-oxidant shift
results in NOS decoupling and a concurrent decrease in NO signaling
and PKG activity.

matrix (ECM) (Insel et al., 2012). Recently, it has been reported
that a new pan-PDE inhibitor shows anti-fibrosis effect in lung tissue
by inhibiting the TGF- B signal pathway and activating the cAMP/
PKA pathway (Wojcik-Pszczota et al, 2020). A summary of the
above the PKA and IPF is shown in Figure 3.

2.3 NO/SGC-cGMP pathway

c¢GMP can regulate heart, kidney, and liver fibrosis through the
NO/SGC-cGMP pathway (Schinner et al., 2015; Sandner et al., 2017;
Flores-Costa et al., 2018; Das et al., 2020). According previous
studies, myofibroblasts responsible for lung damage in other
ways besides the activity of contraction. The contractile force
that
differentiation of myofibroblasts in lung fibrosis.

maintains  the
This is
accomplished by converting mechanical stimuli into biochemical
signals, which drive fibrosis progression (Desmouliére et al., 2005;
Hinz, 2007; Wipft et al., 2007; Wynn and Ramalingam, 2012).
Relaxin is a peptide hormone that regulates the production and

provides a feedforward mechanism,

degradation of collagen, and it is responsible for mediating the
antifibrotic effects of collagen. Relaxin regulates myosin light chain
(MLC20) dephosphorylation and lung myofibroblast contraction
through the inactivation of RhoA/Rho-associated protein kinase by
oxide/cGMP/protein kinase G (PKG)—dependent
mechanism (Huang et al., 2011). Under conditions of high and

a  nitric
persistent guanylyl cyclase activation, the activation of downstream

c¢GMP can also reduce the differentiation of myofibroblasts induced
by TGF-f (Dunkern et al., 2007).

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1111393

Yang et al.

TABLE 1 PDE family and Tissue expression.

10.3389/fphar.2023.1111393

PDE Tissue expression Disease

family

PDE1 Significant in cardiac and vascular myocytes, central and peripheral neurons, = Alzheimer’s disease Cardiovascular disease Le et al. (2022).
lymphoid (T and B cells) and myeloid cells Conti and Beavo (2007), Francis
et al. (2011), and Keravis and Lugnier (2012)

PDE2 In the brain, myocytes, liver, adrenal cortex,T cell endothelium and platelets = Cardiovascular Diseases Sadek et al. (2020). Cognitive Impairment
Conti and Beavo (2007), Francis et al. (2011), Keravis and Lugnier (2012), and | Abdel-Magid (2017).
Michie et al. (1996)

PDE3 Cardiac and vascular myocytes, brain, liver, adipose tissues, airway cells Conti =~ Allergic airway inflammation Spagnolo et al. (2018). Age-Related Cognitive
and Beavo (2007), Francis et al. (2011), Keravis and Lugnier (2012), and Beute | Impairment Yanai and Endo (2019) Cardiomyopathy Movsesian (2003).
et al. (2018)

PDE4 Broad; significant in cells of the cardiovascular, neural, immune and Airway inflammatory diseases: COPD, asthma Phillips (2020). Alzheimer’s
inflammatory systems Conti and Beavo (2007), Francis et al. (2011), and disease Gurney et al. (2015). Inflammatory bowel disease Li et al. (2022).
Keravis and Lugnier (2012)

PDE5 vascular myocytes, lung, brain, platelets, kidney, gastrointestinal tissues and = Erectile dysfunction Greco et al. (2006). Pulmonary hypertension Barnes et al.
penis Conti and Beavo (2007), Francis et al. (2011), and Keravis and Lugnier = (2019). Neurological disorders: Alzheimer’s disease Zuccarello et al. (2020),
(2012) Primary Hippocampal Neuronal Death Xu et al. (2020). Obesity and

metabolic syndrome Armani et al. (2011).

PDE6 Photoreceptors and pineal gland Conti and Beavo (2007), Francis et al. (2011), = Retinal diseases Gopalakrishna et al. (2017) and Wang et al. (2018)
and Keravis and Lugnier (2012)

PDE7 Spleen, brain, lung and kidney and lymphoid Conti and Beavo (2007), Francis =~ Autoimmune Disorders:, autoimmune Hepatitis Swierczek et al. (2021)
et al. (2011), and Keravis and Lugnier (2012) Central nervous system diseases Chen et al. (2021): Parkinson’s disease (PD),

Alzheimer’s disease (AD), multiple sclerosis (MS),

PDE8 Thyroid, airway smooth muscle, T cell Dong et al. (2006), Conti and Beavo = Inflammatory Dong et al. (2006)
(2007), Francis et al. (2011), Keravis and Lugnier (2012), and Basole et al.
(2022)

PDE9 Spleen, brain, cardiac, intestinal cells, lower urinary tract, Bender and Beavo = Obesity and cardiometabolic syndrome Mishra et al. (2021) Alzheimer’s
(2006), Conti and Beavo (2007), Francis et al. (2011), Keravis and Lugnier Disease Rabal et al. (2019)
(2012), Nagasaki et al. (2012), and Dunkerly-Eyring and Kass (2020)

PDE10 Brain, pancreatic Conti and Beavo (2007), Francis et al. (2011), and Keravis = Neurological disorders: Huntington’s Disease Models Beaumont et al. (2016),
and Lugnier (2012) Mental illness: schizophrenia Abdel-Magid (2013)

PDE11 Prostate, testes and salivary and pituitary gland Conti and Beavo (2007), Depressive disorder Bollen and Prickaerts (2012)
Francis et al. (2011), and Keravis and Lugnier (2012)

Senescence is an important factor in the process of pulmonary
fibrosis (Schafer et al., 2017; Justice et al., 2019; Otoupalova et al.,
2020; Spagnolo et al., 2021a; Yao et al., 2021). Senescent alveolar
epithelial cells and lung fibroblasts contribute to pulmonary fibrosis
by secreting senescence-associated secretory phenotype (SASP) (Lin
and Xu, 2020). Aging is accompanied by the increased oxidative
stress and the accumulation of advanced glycation end products
(AGEs), both of which are associated with the development of
(Richter and Kietzmann, 2016). One of the most
important regulators of antioxidant genes is NFE2-related factor
2 (Nrf2). The antioxidant capacity of Nrf2 is reduced in the lung
fibroblasts of aged mice, which results in a dynamic imbalance of cell

fibrosis

redox homeostasis (Hecker et al,, 2014). This pro-oxidant shift
results in NO synthase (NOS) decoupling and a concurrent
decrease in NO signaling and PKG activity (Sampson et al,
2012). Furthermore, in a variety of fibrotic diseases and also
during the natural course of aging, NO/cGMP production is low
(Sandner et al., 2017). Enhancement of NO/cGMP signaling by sGC
stimulators or sGC activators ameliorates the development of
fibrosis in various organs and tissues (Sandner et al, 2017). A
summary of the above the NO/sGC-cGMP pathway shown in
Figure 4.

Frontiers in Pharmacology

2.4 Structure and subtype of PDE

PDEs work by hydrolyzing the phosphodiester bonds of the
cyclic nucleotides, cyclic adenosine 3',5'-monophosphate (cAMP)
and cyclic guanosine 3',5'-monophosphate (cGMP), which
terminates the downstream signalling of this second messenger.
It is subdivided into eleven subtypes based on its diverse structure.
Through selective splicing or transcriptional modification of mRNA,
these genes produce nearly one hundred PDE isozymes (Azevedo
et al., 2014). The structures that make up the PDE superfamily are
related but functionally distinct. These differences include tissue
distribution, cellular function, primary structure, affinity for cAMP
and cGMP, catalytic properties, and responses to specific activators,
inhibitors, and effectors and their regulatory mechanisms. PDE4,
PDE7, and PDES8 are PDEs that specifically degrade cAMP, while
some PDEs specifically degrade cGMP (PDES5, PDE6, and PDE9)
(Maurice et al., 2014). Most cells contain more than one PDE family
member but in varying amounts, proportions, and subcellular
locations. Although PDEs exhibit a broad tissue distribution,
some cells are relatively enriched in specific PDEs (Table 1).

PDEs contain two functional regions, regulatory and catalytic.
The catalytic region determines the specificity to the substrate or
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inhibitor. The amino-terminal regulatory regions of PDEs are highly
heterogeneous, reflecting the different cofactors of PDE family
members (Maurice et al, 2014). A-kinase anchoring proteins
(AKAPs) are anchoring proteins that anchor PKA to specific
subcellular sites. AKAPs, PDEs, together, keep cAMP signalling
specific and physically compartmentalised. As PDEs are the only
route to cyclic nucleotides degradation, the specificity of the
temporal and spatial distribution of PDEs ensures the viability of
signal transduction. Without PDE-dependent control of local cAMP
cAMP, cGMP would be distributed
indiscriminately. As a result, signalling specificity would be lost,

levels, intracellular
as all subpopulations of PKA present in the cell would be activated
(Brescia and Zaccolo, 2016). In this scenario, manipulation cyclic
nucleotides of levels by specific pharmacological inhibition of
individual PDE families is an effective treatment.

3 Studies of different classes of PDE
inhibitors in pulmonary fibrosis

3.1 PDE4 inhibitor

PDE4 is a cAMP-specific PDE with relatively high expression
levels in cells that regulate immune inflammatory responses and
tissue remodeling (Torphy, 1998; Maurice et al., 2014), including
macrophage activation (Hertz et al, 2009; Li et al, 2018).
Furthermore, primary alveolar A549 cells and human bronchial
epithelial (HBE) cells highly express PDE4 (Mata et al, 2005;
Oldenburger et al, 2012). The non-selective PDE4 inhibitor
Roflusteride is approved for use in severe COPD and acute
exacerbations due to its anti-inflammatory  properties
2010).  Studies that
PDE4 inhibitors can inhibit the release of fibrogenic factors and

(Hatzelmann et al, have shown
alleviate pulmonary fibrosis in a mouse model induced by bleomycin
(Cortijo et al., 2009; Udalov et al., 2010; Milara et al., 2015). In
transgenic mice expressing diphtheria toxin receptor under the
control of the mouse surfactant protein C promoter (a model of
pulmonary fibrosis targeting type llalveolar epithelial injury),
PDE4 inhibitor also downregulated plasma levels of selective
chemokines, and significantly reduces lung fibrosis induced by
targeted type II AEC injury (Sisson et al, 2018). In vitro,
PDE4 inhibitors inhibites FN-induced aggregation and collagen
synthesis of human fetal lung fibroblasts (HFL-1), downregulates
the sensitivity of fibroblasts to TGF-p, and promotes the inhibition
of fibroblast function by prostaglandin E2 (PGE2) in the presence of
PDE4 (Udalov et al., 2010). By decreasing reactive oxygen species,
and extracellular signal-regulated kinase phosphorylation, the
PDE4 inhibitor Rolipram or PDE4 small interfering RNA
effectively inhibits EMT changes in a Smad-independent manner
in the human alveolar epithelial type II cell line A549 (Kolosionek
et al, 2022). Therefore, PDE4 inhibitors are the potential drug
for IPF.

Still, effects of non-selective
PDE4 headache,
vomiting, makes the use of PDE4 inhibitors in patients limited
(Spina, 2008; Maurice et al., 2014). These inhibitors have
unfavorable side effects because they inhibit not just one PDE

the probability of side

inhibitors, such as diarrhea, nausea, and

but an entire family of PDEs. It is known as the off-target effect.
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A coin has two sides, so as the off-target effects. On the one hand, it
may increase drug toxicity and cause severe adverse reactions.
However, acting with multiple targets may produce synergistic
effects that amplify drug effects. For example, methylxanthine
theophylline is a purine derivative, and it inhibits almost all types
of PDEs. Theophylline can be used in asthma to dilate the bronchi by
inhibiting PDE. And its anti-inflammatory actions -- which are
mediated via inhibition of the nuclear translocation of nuclear
factor-kb may be attributed to both PDE inhibition and
increased cAMP signaling (Minguet et al,, 2005). However, the
therapeutic window of theophylline is narrow and toxic
symptoms are easy to occur (Jacobs et al., 1976).

According to the difference between the transcriptional
initiation site and selective mRNA splice site, PDE4 can be
divided into four subtypes of PDE4A-D. In human primary lung
fibroblasts (NHLF), PDE4A, B, and D are mainly expressed, while
PDEAC is slightly or not present. Knockdown of PDE4B by SiRNA
interference resulted in the most significant decrease in overall
PDE4 enzyme activity, followed by PDE4A and PDE4D. PDE4B
and 4D knockdown can inhibit the expression of a-SMA in TGF-
Binduced pulmonary fibroblasts, in which the inhibition of PDE4B
knockdown is the most effective, and the effect is similar to the non-
selective PDE4 inhibitors (Selige et al., 2011). The adverse effects of
PDE4 inhibitors appear to be related to the inhibition of PDE4D
(Giembycz, 2001; Maurice et al., 2014). Therefore, PDE4B inhibitors
seem to be ideal selective antifibrotic drugs.

BI101550, a PDE4 inhibitor with a high affinity to PDE4B, has
anti-inflammatory and anti-fibrosis effects. In wvitro, BI
1015550 inhibits lipopolysaccharide (LPS) induced TNF-a and
phytohemagglutinin induced interleukin-2 synthesis in human
peripheral blood mononuclear cells, as well as LPS-induced TNF-
a synthesis in human and rat whole blood (Herrmann et al., 2022).
In two mouse models of pulmonary fibrosis induced by bleomycin
and silica, compared with a low dose (2.5 mg/kg), the higher
BI1015550 (12.5mg/kg b.id.) could improve the pulmonary
function parameters of mice. High-dose BI1015550 could also
significantly improve the content of dense fibrotic tissue in lung
tissue. There is a synergistic effect between Nintedanib and
BI1015550, which shifts the concentration-response curve to the
left (Herrmann et al, 2022). Compared to roflumilast, BI
1015550 seems to be a safer option, and the male Suncus
murinus is less likely to experience nausea and vomiting as a side
effect (Herrmann et al, 2022). In a randomized, double-blind,
placebo-controlled study involving 147 patients with IPF, the
primary endpoint was the change from baseline in forced vital
capacity (FVC) during 12 weeks of treatment with BI1015550 as
monotherapy or in combination with antifibrotic background
therapy. The trial results showed that BI1015550 at a dose of
18 mg twice daily prevented a decline in lung function in
patients with IPF, regardless of background antifibrotic therapy.
However, at the same time, the safety of BI1015550 is also of
with  the
gastrointestinal disease. A case of “suspected IPF exacerbation

concern, most common adverse event being
and suspected vasculitis” was also reported (Richeldi et al., 2022).
The adverse reactions need to be further evaluated in subsequent
clinical trials. Nevertheless, BI1015550 is currently leading the way
in the research and development of new drugs for the treatment

of IPF.
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There are other types of PDE4 inhibitors reported at present.
AA6216 is a novel PDE4 inhibitor. AA6216, also ameliorated
pulmonary fibrosis in mice by inhibiting TGF-p release from
macrophages. However, in contrast to other PDE4 inhibitors,
AA6216 possesses a more potent inhibitory effect with lower risk
(Matsuhira et al,, 2020). A novel PDE4 inhibitor was obtained by hit-
to-lead optimization of natural mangoside based on structure, and
its anti-pulmonary fibrosis effect was similar to that of pirfenidone.
More importantly, it is safe and has fewer adverse reactions (Huang
et al., 2021).

3.2 PDES5 inhibitor

PDES5 hydrolyzes cGMP exclusively. The pharmacological effect
of sildenafil, a representative drug of the PDE5 inhibitor, is to
increase the intracellular ¢cGMP level by inhibiting cGMP
degradation. And then the NO/sGC-cGMP pathway, is used to
upregulate potassium channels, inhibit calcium channels, reduce
intracellular calcium concentration, and dilate blood vessels. Its
clinical indications include pulmonary hypertension (PH) and
erectile dysfunction (Giovannoni et al, 2010). Currently, there
are many studies on PDE5 inhibitors in pulmonary fibrosis. Due
to the degeneration of lung structure that accompanies the
progression of pulmonary fibrosis, pulmonary hypertension will
eventually develop. In multiple randomized, controlled clinical
trials, the addition of sildenafil in the context of antifibrotic
agents has not been found to have a significant effect on all-
cause mortality, hospitalization, or acute exacerbations (Kolb
et al, 2018; Behr et al, 2021; Kang and Song, 2021). But, the
efficacy evaluation of sildenafil in IPF is inconsistent (Collard
et al,, 2007). Since sildenafil improves gas exchange function in
patients with severe pulmonary fibrosis by dilating pulmonary
vessels, it may be effective in IPF. However, it is still debatable
whether pulmonary vessel dilation can improve pulmonary gas
exchange function in IPF (Sakao et al, 2019). IPF-related
pulmonary arterial hypertension is distinct from idiopathic
pulmonary arterial hypertension.

On the one hand, due to the destruction of the alveolar structure,
the dysfunction of pulmonary gas exchange results in hypoxic
pulmonary vasoconstriction (HPV) (Sylvester et al., 2012; Sakao
et al, 2019). Early pulmonary vasoconstriction may be a
compensatory mechanism during the development of pulmonary
fibrosis. Pulmonary vasoconstriction can maintain the ventilation/
perfusion ratio (V/Q) balance. However, continuous pulmonary
vasoconstriction will lead to vascular remodeling, resulting in a
vicious cycle, which should not be allowed to develop (Sakao et al.,
2005; Sakao et al., 2006).

On the other hand, due to the destruction of the alveolar
structure in IPF, the respiratory membrane is disordered and
thickened, lung diffusion function is decreased, and dilated
pulmonary blood vessels will further mismatch V/Q (Sakao et al.,
2019). But is it feasible to use PDES5 inhibitors in the early stages of
disease, when the structural damage of the lung is not apparent? Due
to the insidious onset of IPF, non-specific clinical symptoms, and
lack of diagnostic methods with high specificity for early IPF, most
patients cannot be correctly diagnosed and treated at an early stage
(Spagnolo et al., 2021b). By the time most patients are diagnosed
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with IPF, there is already apparent structural destruction of the lung.
Consequently, there appears to be a lack of research on the potential
benefits of initiating PDE5 inhibitor therapy at an early stage of IPF.

Additionally, sildenafil may contribute to pulmonary fibrosis
through additional mechanisms. In a rat model of bleomycin-
induced pulmonary fibrosis, sildenafil can reduce the oxidative
stress level of lung tissue by inhibiting lipid peroxidation, the
production and release of cytokines, and the aggregation of
neutrophils, so as to achieve the therapeutic effect on pulmonary
fibrosis (Yildirim et al., 2010). However, PDE5 inhibitors are not,
according to the recommendations of international guidelines,
appropriate treatment for IPF (Raghu et al., 2022).

3.3 Non-selective phosphodiesterase
inhibitor

Pentoxifylline (PTX) is a methylxanthine derivative and non-
selective phosphodiesterase inhibitor. Clinically, it is mainly used to
improve peripheral circulation and relieve muscle pain caused by
peripheral arterial diseases (Hood et al., 1996; Stevens et al., 2012).
Previous studies have demonstrated that PTX can significantly inhibit
the secretion of proinflammatory cytokines and the activation of NF-
kB, thereby alleviating chronic inflammation (Speer et al., 2017). In
RAW?264.7 macrophages, the low dose of PTX (10 ug/mL) and the
high dose of PTX (300 pg/mL) had different biological effects on cells.
Low-dose PTX can reduce endoplasmic reticulum stress (ERS),
fibrosis, angiogenesis, and chronic inflammation while promoting
RAS/NF-kB signal transduction, proliferation, differentiation, and
inflammation. It can also enhance Fas-mediated apoptosis. High
doses of PTX, on the other hand, have the opposite effect by
preventing RAS/NF-kB signal transduction, which prevents cell
proliferation, inflammation, and fibrosis (Seo et al., 2022). It also
suggests that PTX is a potential antifibrotic drug. PTX has an anti-
fibrosis effect on radiation-induced pulmonary fibrosis by regulating
the expression of PKA and PAI-1 (Lee et al., 2017; Wen et al., 2017).
Our previous research found that, PTX could influence the expression
of fibrosis-related genes in the mouse model of pulmonary fibrosis. In
addition, we also found that the expression of senescence-associated
secretory phenotype (SASP) decreased in the PTX group (Lin et al.,
2022). Therefore, we speculated that PTX might may also alleviate
pulmonary fibrosis through anti-aging. mTOR (mechanistic target of
rapamycin) is a serine/threonine kinase involved in the integration of
multiple metabolic and growth-promoting signals. Accumulating
evidence indicates that mTOR activity is necessary for cell
senescence (Liu and Sabatini, 2020). A decrease in mTOR
activation was also observed after PTX treatment in human
melanoma cells (Sharma et al., 2016). So we hypothesized that
PTX may achieve its anti-fibrosis effect by affecting the mTOR
pathway and changing the autophagy level of senescent cells. But
that still needs to be tested. In other fibrosis models, including
intestinal fibrosis, hypertrophic scar, and glomerulonephritis, PTX
also has an anti-fibrosis effect (Boerma et al., 2008; Ng et al., 2009;
Yang et al., 2019; Lee, 2022). The FDA approved PTX in 1984 for the
treatment of arteritis. It is currently used to treat stroke because it
improves circulation (Bath et al., 2000). So its safety in humans has
been verified. “Drug repurposing” is a cost-effective option if the anti-
fibrosis ability of PTX can be further developed.
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3.4 Pan-PDE inhibitor

Because the antifibrotic effects of inhibitors of specific PDE
subtypes are not clearly understood, and given the possible
synergistic effects between different subtypes of PDE, the focus of
some studies has shifted to dual PDE or pan-PDE inhibitors. Pan-
PDE inhibitors represent compounds that can inhibit various
isoforms within several PDE classes. Unlike simple PDE
inhibitors, pan-PDE can inhibit individual PDE isoforms at the
nano and/or micromolar level (Wojcik-Pszczola et al., 2021). In vitro
studies have shown that they have promising anti-inflammatory and
antifibrotic activities and high inhibitory activity against a selection
of PDEs. First, the PAN-PDE has significant inhibitory activity
against multiple PDE isoforms, including PDE1, PDE3, PDE4,
PDE5, PDE7, and PDES8, which are involved
remodeling and the development of pulmonary fibrosis (Wright
etal,, 1998; Fuhrmann et al., 1999). And next, considering the cAMP
different

cellular

in airway

signaling compartmentalization during EMT, a
within  the
compartments cannot be ruled out (Zuo et al., 2019b; Wojcik-
Pszczota et al., 2022). In vitro, the pan-PDE inhibitors could

inhibit the TGF-B-induced expression of several markers,

composition of individual isoforms

including vimentin, fibronectin, collagen I, a-smooth muscle
actin, N-cadherin, and snail-1 transcription factor in alveolar
epithelial type II cells (Wdjcik-Pszczota et al., 2022).

4 Other novel anti-pulmonary fibrosis
drugs

At present, there are other types of anti-pulmonary fibrosis
drugs under development. The inflammasome NLR Family Pyrin
Domain-Containing Protein 3 (NLRP3) is an important regulator of
pulmonary inflammation and fibrosis (Colunga Biancatelli et al.,
2022). NLRP3 promotes the development of pulmonary fibrosis
mainly through the following aspects. Activated NLRP3 promotes
fibrosis by producing IL-1  and IL-18 (Colunga Biancatelli et al.,
2022). NLRP3 mediated pyrolysis of csapase-1-dependent alveolar
epithelial cells. NLRP3 induced pulmonary mesenchymal stem cells
to differentiate into myofibroblasts (Ji et al., 2021). The activation of
NLRP3 is increased in pulmonary fibrosis, and inhibition of
NLRP3 can effectively delay the progression of pulmonary
fibrosis, indicating that targeted NLRP3 may be a new choice for
the treatment of pulmonary fibrosis. Although there are several
NLRP3 inhibitors in existence, most of these drugs are still in the
pre-clinical phase and there is a lack of validated data to confirm that
they are indeed effective in pulmonary fibrosis. Furthermore, the
indications for NLRP3 inhibitors are unclear. What clinical
applications will show the best efficacy for NLRP3-targeting
molecules? When, where, how is NLRP3 activated in human
disease? To apply NLRP3 to pulmonary fibrosis, these questions
need to be addressed.

GSDMD is a key effector of inflammasome signaling, because it
controls pyroptosis and the resultant release of proinflammatory
cellular contents. Given that GSDMD controls the release of IL-1f
downstream of multiple inflammasomes, GSDMD is an attractive
target for pulmonary fibrosis. Although, pyroptosis inhibitors will
decrease the release of proinflammatory cell contents, they will not
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block the inflaimmasome-driven maturation of IL-1p or IL-18.
Therefore, its anti-fibrosis effectiveness needs to be further
confirmed. Heat-shock protein 90 (HSP) inhibitor, a new drug
NLRP3
multifunctional molecular chaperone, Hsp90 forms a complex

also developed from the inflammasome. As a
with NLRP3 to protect NLRP3 from degrading. In response to
stress stimuli, Hsp90 is released, and NLRP3 can be activated to
promote inflammation. Hsp90 inhibition block the activation of the
NLRP3 inflammasome. Inflammasome blockers show enormous
promise as a new generation of anti-inflammatory drugs. However,
these treatments are not mature at present, and there is still a long
way to go before the real clinical application. Compared with PDEs
inhibitors, the PDE inhibitors are more mature. Moreover, there are
exact data to prove the effectiveness of PDEs inhibitors in
pulmonary fibrosis.

Phosphatidylinositol 3-kinase (PI3K)/protein kinase B (PKB/
AKT) signaling pathway plays an important role in IPF. TGF-fand
PI3K/AKT promoted the formation of pulmonary fibrosis
synergistically. PI3K/AKT can promote pulmonary fibrosis by
regulating its downstreams such as mammalian target of
rapamycin  (mTOR), hypoxia inducible factor-la (HIF-1a).
Therefore, targeting PI3K/AKT has become a new strategy for
the treatment of IPF (Conte et al., 2013; Nie et al., 2017). Some
PI3K/AKT inhibitors has been investigated in clinical research.
Reported
gastrointestinal effects. But for its effectiveness, there is a lack of
data at present (Wang et al, 2022). However, PI3K/AKT still
considered promising drug candidates for IPF treatment.

treatment-related adverse event mainly include

5 Discussion

Idiopathic pulmonary fibrosis is the most common type of
idiopathic interstitial pneumonia. It is a progressive, irreversible
and fatal disease. Its pathological mechanisms are complex and not
well understood at present. Therefore, antifibrotic drugs are also
limited. Although the current antifibrotic drugs, Pirfenidone and
Nintedanib, have a certain therapeutic effect, they do not improve
the prognosis of patients. Moreover, their current prices are relatively
expensive. Therefore, we need to develop new antifibrotic drugs.

The cAMP signaling pathway is a relatively old signaling pathway,
and scientists began to study it as early as 1953 (Zuo et al,, 2019b). In
the lung, cAMP, and cGMP mainly reduce the sensitivity of fibroblasts
to pro-fibrotic factors and decrease the production of myofibroblasts.
However, the underlying mechanisms need to be further explored.
Our previous study shows that Pentoxifylline can inhibits pulmonary
fibrosis by regulating cellular senescence. This suggests that we can
study the possible mechanism of cyclic nucleotides against fibrosis
from the point of view of aging. In recent years, an increasing number
of studies have found that cAMP signalling also plays an important
role in age-related cognitive deficits. So, Therefore, studying the role of
cyclic nucleotides in pulmonary fibrosis from the perspective of aging
may provide new ideas to understand the pathogenesis of pulmonary
fibrosis further.

PDEs are involved in the metabolism of cyclic nucleotides, and
their inhibitors can increase the intracellular concentration of cyclic
nucleotides, thus exerting their anti-fibrotic effects. The “off-target”
effect is a problem in the application of drugs, and it is a double-
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edged sword. On the one hand, the “off-target” result may have side
effects on non-target sites, thus limiting the safe use of the drug. On
the other hand, there may be synergistic effects between PDE
isoforms, amplifying the drug’s therapeutic effects. A novel
compound PDE inhibitor, Pan-PDE, is a good example. In
contrast, PDE5 inhibitors, although some studies have shown
some antifibrotic effects, whether IPF patients really benefit from
them needs to be thoroughly evaluated.

Although there are many studies on PDEs inhibitors, most are
still in animal experiments, and their effectiveness in humans needs
further testing. But it is surprising that BI101550, a specific PDE4B
inhibitor, has already started clinical trials. This is a big step forward
in developing drugs to treat fibrosis.

Author contributions

XY collected the references, and completed the manuscript. SH
and JS drew the tables. ZX revised our initial manuscript and
provided valuable comments. All authors contributed to the
article and approved the submitted version.

References

Abdel-Magid, A. F. (2013). PDEI10 inhibitors as potential treatment for
schizophrenia. ACS Med. Chem. Lett. 4 (2), 161-162. doi:10.1021/m14000194

Abdel-Magid, A. F. (2017). Potential treatment of cognitive impairment in
schizophrenia by phosphodiesterase 2 (PDE2) inhibitors. ACS Med. Chem. Lett. 8
(1), 17-18. doi:10.1021/acsmedchemlett.6b00514

Almahariq, M., Mei, F. C,, Wang, H., Cao, A. T., Yao, S., Soong, L., et al. (2015).
Exchange protein directly activated by cAMP modulates regulatory T-cell-mediated
immunosuppression. Biochem. J. 465 (2), 295-303. doi:10.1042/BJ20140952

Armani, A., Marzolla, V., Rosano, G. M. C., Fabbri, A., and Caprio, M. (2011).
Phosphodiesterase type 5 (PDES5) in the adipocyte: A novel player in fat metabolism?
Trends Endocrinol. Metab. 22 (10), 404-411. doi:10.1016/j.tem.2011.05.004

Azevedo, M. F,, Faucz, F. R, Bimpaki, E., Horvath, A, Levy, L, de Alexandre, R. B.,
et al. (2014). Clinical and molecular genetics of the phosphodiesterases (PDEs). Endocr.
Rev. 35 (2), 195-233. doi:10.1210/er.2013-1053

Barnes, H., Brown, Z., Burns, A., and Williams, T. (2019). Phosphodiesterase
5 inhibitors for pulmonary hypertension. Cochrane Database Syst. Rev. 1 (1),
Cd012621. doi:10.1002/14651858.CD012621.pub2

Basole, C. P., Nguyen, R. K., Lamothe, K., Billis, P., Fujiwara, M., Vang, A. G,, et al.
(2022). Treatment of experimental autoimmune encephalomyelitis with an inhibitor of
phosphodiesterase-8 (PDE8). Cells 11 (4), 660. doi:10.3390/cells11040660

Bath, P. M., Bath, F. J., and Asplund, K. (2000). Pentoxifylline, propentofylline and
pentifylline for acute ischaemic stroke. Pentoxifylline, propentofylline pentifylline acute
Ischaem. stroke Cochrane Database Syst Rev (3), Cd000162. doi:10.1002/14651858.
CD000162

Beaumont, V., Zhong, S., Lin, H.,, Xu, W,, Bradaia, A., Steidl, E., et al. (2016).
Phosphodiesterase 10A inhibition improves cortico-basal ganglia function in
huntington’s disease models. Neuron 92 (6), 1220-1237. doi:10.1016/j.neuron.2016.
10.064

Behr, J., Nathan, S. D., Wuyts, W. A., Mogulkoc Bishop, N., Bouros, D. E., Antoniou,
K., et al. (2021). Efficacy and safety of sildenafil added to pirfenidone in patients with
advanced idiopathic pulmonary fibrosis and risk of pulmonary hypertension: A double-
blind, randomised, placebo-controlled, phase 2b trial. Lancet. Respir. Med. 9 (1), 85-95.
doi:10.1016/52213-2600(20)30356-8

Bender, A. T., and Beavo, J. A. (2006). Cyclic nucleotide phosphodiesterases:
Molecular regulation to clinical use. Pharmacol. Rev. 58 (3), 488-520. doi:10.1124/
pr.58.3.5

Beute, J., Lukkes, M., Koekoek, E. P., Nastiti, H., Ganesh, K., de Bruijn, M. J., et al.
(2018). A pathophysiological role of PDE3 in allergic airway inflammation. JCI Insight 3
(2), €94888. doi:10.1172/jci.insight.94888

Boerma, M., Roberto, K. A., and Hauer-Jensen, M. (2008). Prevention and treatment
of functional and structural radiation injury in the rat heart by pentoxifylline and alpha-
tocopherol. Int. J. Radiat. Oncol. Biol. Phys. 72 (1), 170-177. d0i:10.1016/j.ijrobp.2008.
04.042

Frontiers in Pharmacology

10.3389/fphar.2023.1111393

Funding

This research was supported by the National Key Research and
Development Program of China, grant number 2016YFC1304700.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Bolger, G. B. (2021). The PDE-opathies: Diverse phenotypes produced by a
functionally related multigene family. Trends Genet. 37 (7), 669-681. doi:10.1016/j.
tig.2021.03.002

Bollen, E., and Prickaerts, J. (2012). Phosphodiesterases in neurodegenerative
disorders. IUBMB Life 64 (12), 965-970. doi:10.1002/iub.1104

Borok, Z., Horie, M., Flodby, P., Wang, H., Liu, Y., Ganesh, S., et al. (2020). Grp78 loss
in epithelial progenitors reveals an age-linked role for endoplasmic reticulum stress in
pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 201 (2), 198-211. doi:10.1164/rccm.
201902-04510C

Brescia, M., and Zaccolo, M. (2016). Modulation of compartmentalised cyclic
nucleotide signalling via local inhibition of phosphodiesterase activity. Int. J. Mol.
Sci. 17 (10), 1672. doi:10.3390/ijms17101672

Chen, Y., Wang, H., Wang, W. Z,, Wang, D., Skaggs, K., and Zhang, H. T. (2021).
Phosphodiesterase 7(PDE7): A unique drug target for central nervous system diseases.
Neuropharmacology 196, 108694. doi:10.1016/j.neuropharm.2021.108694

Collard, H. R., Anstrom, K. J., Schwarz, M. 1., and Zisman, D. A. (2007). Sildenafil
improves walk distance in idiopathic pulmonary fibrosis. Chest 131 (3), 897-899. doi:10.
1378/chest.06-2101

Colunga Biancatelli, R. M. L., Solopov, P. A, and Catravas, J. D. (2022). The
inflammasome NLR family Pyrin domain-containing protein 3 (NLRP3) as a novel
therapeutic target for idiopathic pulmonary fibrosis. Am. J. Pathol. 192 (6), 837-846.
doi:10.1016/j.ajpath.2022.03.003

Conrotto, P., Yakymovych, I, Yakymovych, M., and Souchelnytskyi, S. (2007).
Interactome of transforming growth factor-beta type I receptor (TbetaRI):
Inhibition of TGFbeta signaling by Epacl. J. Proteome Res. 6 (1), 287-297. doi:10.
1021/pr060427q

Conte, E., Gili, E,, Fruciano, M., Korfei, M., Fagone, E., lemmolo, M.,, et al. (2013).
PI3K p110y overexpression in idiopathic pulmonary fibrosis lung tissue and fibroblast
cells: In vitro effects of its inhibition. Laboratory Investigation; a J. Tech. Methods
Pathology 93 (5), 566-576. doi:10.1038/labinvest.2013.6

Conti, M., and Beavo, J. (2007). Biochemistry and physiology of cyclic nucleotide
phosphodiesterases: Essential components in cyclic nucleotide signaling. Annu. Rev.
Biochem. 76, 481-511. doi:10.1146/annurev.biochem.76.060305.150444

Cortijo, J., IrAnzo, A., Milara, X., Mata, M., Cerda-Nicolas, M., Ruiz-Sauri, A., et al.
(2009). Roflumilast, a phosphodiesterase 4 inhibitor, alleviates bleomycin-induced lung
injury. Br. J. Pharmacol. 156 (3), 534-544. doi:10.1111/j.1476-5381.2008.00041.x

Costabel, U., Inoue, Y., Richeldi, L., Collard, H. R., Tschoepe, L, Stowasser, S., et al.
(2016). Efficacy of Nintedanib in idiopathic pulmonary fibrosis across prespecified
subgroups in INPULSIS. Am. J. Respir. Crit. Care Med. 193 (2), 178-185. doi:10.1164/
rcem.201503-05620C

Craig, V. ], Zhang, L, Hagood, J. S, and Owen, C. A. (2015). Matrix
metalloproteinases as therapeutic targets for idiopathic pulmonary fibrosis. Am.
J. Respir. Cell Mol. Biol. 53 (5), 585-600. doi:10.1165/rcmb.2015-0020TR

frontiersin.org


https://doi.org/10.1021/ml4000194
https://doi.org/10.1021/acsmedchemlett.6b00514
https://doi.org/10.1042/BJ20140952
https://doi.org/10.1016/j.tem.2011.05.004
https://doi.org/10.1210/er.2013-1053
https://doi.org/10.1002/14651858.CD012621.pub2
https://doi.org/10.3390/cells11040660
https://doi.org/10.1002/14651858.CD000162
https://doi.org/10.1002/14651858.CD000162
https://doi.org/10.1016/j.neuron.2016.10.064
https://doi.org/10.1016/j.neuron.2016.10.064
https://doi.org/10.1016/S2213-2600(20)30356-8
https://doi.org/10.1124/pr.58.3.5
https://doi.org/10.1124/pr.58.3.5
https://doi.org/10.1172/jci.insight.94888
https://doi.org/10.1016/j.ijrobp.2008.04.042
https://doi.org/10.1016/j.ijrobp.2008.04.042
https://doi.org/10.1016/j.tig.2021.03.002
https://doi.org/10.1016/j.tig.2021.03.002
https://doi.org/10.1002/iub.1104
https://doi.org/10.1164/rccm.201902-0451OC
https://doi.org/10.1164/rccm.201902-0451OC
https://doi.org/10.3390/ijms17101672
https://doi.org/10.1016/j.neuropharm.2021.108694
https://doi.org/10.1378/chest.06-2101
https://doi.org/10.1378/chest.06-2101
https://doi.org/10.1016/j.ajpath.2022.03.003
https://doi.org/10.1021/pr060427q
https://doi.org/10.1021/pr060427q
https://doi.org/10.1038/labinvest.2013.6
https://doi.org/10.1146/annurev.biochem.76.060305.150444
https://doi.org/10.1111/j.1476-5381.2008.00041.x
https://doi.org/10.1164/rccm.201503-0562OC
https://doi.org/10.1164/rccm.201503-0562OC
https://doi.org/10.1165/rcmb.2015-0020TR
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1111393

Yang et al.

Das, S., Neelamegam, K., Peters, W. N., Periyasamy, R., and Pandey, K. N. (2020).
Depletion of cyclic-GMP levels and inhibition of cGMP-dependent protein kinase
activate p21(Cip1)/p27(Kipl) pathways and lead to renal fibrosis and dysfunction.
Faseb ]. 34 (9), 11925-11943. doi:10.1096/1j.202000754R

Desmouliére, A., Chaponnier, C., and Gabbiani, G. (2005). Tissue repair, contraction,
and the myofibroblast. Wound Repair Regen. 13 (1), 7-12. doi:10.1111/j.1067-1927.
2005.130102.x

Dong, H., Osmanova, V., Epstein, P. M., and Brocke, S. (2006). Phosphodiesterase 8
(PDE8) regulates chemotaxis of activated lymphocytes. Biochem. Biophys. Res.
Commun. 345 (2), 713-719. doi:10.1016/j.bbrc.2006.04.143

Dunkerly-Eyring, B., and Kass, D. A. (2020). Myocardial phosphodiesterases and
their role in cGMP regulation. J. Cardiovasc Pharmacol. 75 (6), 483-493. doi:10.1097/
FJC.0000000000000773

Dunkern, T. R,, Feurstein, D., Rossi, G. A., Sabatini, F., and Hatzelmann, A. (2007).
Inhibition of TGF-beta induced lung fibroblast to myofibroblast conversion by
phosphodiesterase inhibiting drugs and activators of soluble guanylyl cyclase. Eur.
J. Pharmacol. 572 (1), 12-22. doi:10.1016/j.¢jphar.2007.06.036

El Agha, E., Kramann, R., Schneider, R. K., Li, X,, Seeger, W., Humphreys, B. D., et al.
(2017). Mesenchymal stem cells in fibrotic disease. Cell Stem Cell 21 (2), 166-177.
doi:10.1016/j.stem.2017.07.011

Elias, J. A., Rossman, M. D., Zurier, R. B., and Daniele, R. P. (1985). Human alveolar
macrophage inhibition of lung fibroblast growth - a prostaglandin-dependent process.
Am. Rev. Respir. Dis. 131 (1), 94-99. doi:10.1164/arrd.1985.131.1.94

Flores-Costa, R., Alcaraz-Quiles, J., Titos, E., Lopez-Vicario, C., Casulleras, M.,
Duran-Guell, M., et al. (2018). The soluble guanylate cyclase stimulator IW-1973
prevents inflammation and fibrosis in experimental non-alcoholic steatohepatitis. Br.
J. Pharmacol. 175 (6), 953-967. doi:10.1111/bph.14137

Fortier, S. M., Penke, L. R,, King, D., Pham, T. X,, Ligresti, G., and Peters-Golden, M.
(2021). Myofibroblast dedifferentiation proceeds via distinct transcriptomic and
phenotypic transitions. JCI Insight 6 (6), €144799. doi:10.1172/jci.insight.144799

Francis, S. H., Blount, M. A, and Corbin, J. D. (2011). Mammalian cyclic nucleotide
phosphodiesterases: Molecular mechanisms and physiological functions. Physiol. Rev.
91 (2), 651-690. doi:10.1152/physrev.00030.2010

Fuhrmann, M., Jahn, H. U,, Seybold, J., Neurohr, C., Barnes, P. ]., HippenStiel, S., et al.
(1999). Identification and function of cyclic nucleotide phosphodiesterase isoenzymes
in airway epithelial cells. Am. J. Respir. Cell Mol. Biol. 20 (2), 292-302. doi:10.1165/
ajrcmb.20.2.3140

Giembycz, M. A. (2001). Cilomilast: A second generation phosphodiesterase
4 inhibitor for asthma and chronic obstructive pulmonary disease. Expert Opin.
Investig. Drugs 10 (7), 1361-1379. doi:10.1517/13543784.10.7.1361

Giovannoni, M. P, Vergelli C., GrAziAno, A, and Dal Piaz, V. (2010).
PDES5 inhibitors and their applications. Curr. Med. Chem. 17 (24), 2564-2587.
doi:10.2174/092986710791859360

Gopalakrishna, K. N., Boyd, K., and Artemyev, N. O. (2017). Mechanisms of mutant
PDES6 proteins underlying retinal diseases. Cell Signal 37, 74-80. doi:10.1016/j.cellsig.
2017.06.002

Greco, E. A, Spera, G, and Aversa, A. (2006). Combining testosterone and
PDES5 inhibitors in erectile dysfunction: Basic rationale and clinical evidences. Eur.
Urol. 50 (5), 940-947. doi:10.1016/j.eururo.2006.06.049

Giindiiz, D., Troidl, C., Tanislav, C., Rohrbach, S., Hamm, C., and Aslam, M. (2019).
Role of PI3K/akt and MEK/ERK signalling in cAMP/epac-mediated endothelial barrier
stabilisation. Front. Physiology 10, 1387. doi:10.3389/fphys.2019.01387

Gurney, M. E.,, D’Amato, E. C,, and Burgin, A. B. (2015). Phosphodiesterase-4 (PDE4)
molecular pharmacology and Alzheimer’s disease. Neurotherapeutics 12 (1), 49-56.
doi:10.1007/s13311-014-0309-7

Hartopo, A. B, Emoto, N., Vignon-Zellweger, N., Suzuki, Y., Yagi, K., Nakayama, K.,
et al. (2013). Endothelin-converting enzyme-1 gene ablation attenuates pulmonary
fibrosis via CGRP-cAMP/EPACI pathway. Am. J. Respir. Cell Mol. Biol. 48 (4), 465-476.
doi:10.1165/rcmb.2012-03540C

Hatzelmann, A., Morcillo, E. ], Lungarella, G., Adnot, S., Sanjar, S., Beume, R., et al.
(2010). The preclinical pharmacology of roflumilast--a selective, oral phosphodiesterase
4 inhibitor in development for chronic obstructive pulmonary disease. Pulm.
Pharmacol. Ther. 23 (4), 235-256. doi:10.1016/j.pupt.2010.03.011

Hecker, L., Logsdon, N. J., Kurundkar, D., Kurundkar, A., Bernard, K., Hock, T, et al.
(2014). Reversal of persistent fibrosis in aging by targeting Nox4-Nrf2 redox imbalance.
Sci. Transl. Med. 6 (231), 231ra47. doi:10.1126/scitranslmed.3008182

Herrmann, F. E., Wollin, L., and Nickolaus, P. (2022). BI 1015550 is a PDE4B
inhibitor and a clinical drug candidate for the oral treatment of idiopathic pulmonary
fibrosis. Front. Pharmacol. 13, 838449. doi:10.3389/fphar.2022.838449

Hertz, A. L., Bender, A. T., Smith, K. C,, Gilchrist, M., Amieux, P. S., Aderem, A., et al.
(2009). Elevated cyclic AMP and PDE4 inhibition induce chemokine expression in
human monocyte-derived macrophages. Proc. Natl. Acad. Sci. U. S. A. 106 (51),
21978-21983. doi:10.1073/pnas.0911684106

Hinz, B. (2007). Formation and function of the myofibroblast during tissue repair.
J. Invest. Dermatol 127 (3), 526-537. doi:10.1038/sj.jid.5700613

Frontiers in Pharmacology

10.3389/fphar.2023.1111393

Hong, Q., Zhang, Y., Lin, W., Wang, W., Yuan, Y., Lin, J,, et al. (2022). Negative
feedback of the cAMP/PKA pathway regulates the effects of endoplasmic reticulum
stress-induced NLRP3 inflammasome activation on type II alveolar epithelial cell
pyroptosis as a novel mechanism of BLM-induced pulmonary fibrosis. J. Immunol.
Res. 2022, 2291877. doi:10.1155/2022/2291877

Hood, S. C., Moher, D., and Barber, G. G. (1996). Management of intermittent
claudication with pentoxifylline: meta-analysis of randomized controlled trials. Cmaj
155 (8), 1053-1059.

Hou, Z., Ye, Q., Qiu, M., Hao, Y., Han, J., and Zeng, H. (2017). Increased activated
regulatory T cells proportion correlate with the severity of idiopathic pulmonary
fibrosis. Respir. Res. 18 (1), 170. doi:10.1186/s12931-017-0653-3

Huang, S. K, Wettlaufer, S. H., Chung, ], and Peters-Golden, M. (2008).
Prostaglandin E2 inhibits specific lung fibroblast functions via selective actions of
PKA and Epac-1. Am. J. Respir. Cell Mol. Biol. 39 (4), 482-489. d0i:10.1165/rcmb.2008-
00800C

Huang, S. K, Wettlaufer, S. H., Chung, J., and Peters-Golden, M. (2008).
Prostaglandin E2 inhibits specific lung fibroblast functions via selective actions of
PKA and Epac-1. Am. J. Respir. Cell Mol. Biol. 39 (4), 482-489. doi:10.1165/rcmb.2008-
00800C

Huang, S., Wettlaufer, S. H., Hogaboam, C., Aronoff, D. M., and Peters-Golden, M.
(2007). Prostaglandin E(2) inhibits collagen expression and proliferation in patient-
derived normal lung fibroblasts via E prostanoid 2 receptor and cAMP signaling. Am.
J. Physiology. Lung Cell. Mol. Physiology 292 (2), L405-L413. doi:10.1152/ajplung.00232.
2006

Huang, X,, Gai, Y., Yang, N, Lu, B., Samuel, C. S., Thannickal, V. J., et al. (2011).
Relaxin regulates myofibroblast contractility and protects against lung fibrosis. Am.
J. Pathology 179 (6), 2751-2765. doi:10.1016/j.ajpath.2011.08.018

Huang, Y. Y., Deng, J.,, Tian, Y. J., Liang, J., Xie, X,, Huang, Y., et al. (2021).
Mangostanin derivatives as novel and orally active phosphodiesterase 4 inhibitors for
the treatment of idiopathic pulmonary fibrosis with improved safety. J. Med. Chem. 64
(18), 13736-13751. doi:10.1021/acs.jmedchem.1c01085

Insel, P. A., Murray, F., Yokoyama, U., Romano, S., Yun, H., Brown, L., et al. (2012).
cAMP and Epac in the regulation of tissue fibrosis. Br. J. Pharmacol. 166 (2), 447-456.
doi:10.1111/j.1476-5381.2012.01847 x

Jacobs, M. H., Senior, R. M., and Kessler, G. (1976). Clinical experience with
theophylline. Relarionships between dosage, serum concentration, and toxicity.
JAMA 235 (18), 1983-1986. doi:10.1001/jama.235.18.1983

Ji,]., Hou, J., Xia, Y., Xiang, Z., and Han, X. (2021). NLRP3 inflammasome activation
in alveolar epithelial cells promotes myofibroblast differentiation of lung-resident
mesenchymal stem cells during pulmonary fibrogenesis. Biochim. Biophys. Acta Mol.
Basis Dis. 1867 (5), 166077. doi:10.1016/j.bbadis.2021.166077

Justice, J. N., Nambiar, A. M., Tchkonia, T., LeBrasseur, N. K., Pascual, R., Hashmi, S.
K., et al. (2019). Senolytics in idiopathic pulmonary fibrosis: Results from a first-in-
human, open-label, pilot study. EBioMedicine 40, 554-563. doi:10.1016/j.ebiom.2018.
12.052

Kang, J., and Song, J. W. (2021). Effect of sildenafil added to antifibrotic treatment in
idiopathic pulmonary fibrosis. Sci. Rep. 11 (1), 17824. d0i:10.1038/s41598-021-97396-z

Kawasaki, H., Springett, G. M., Mochizuki, N., Toki, S., Nakaya, M., Matsuda, M.,
et al. (1998). A family of cAMP-binding proteins that directly activate Rap1. Sci. (New
York, N.Y.) 282 (5397), 2275-2279. doi:10.1126/science.282.5397.2275

Keravis, T., and Lugnier, C. (2012). Cyclic nucleotide phosphodiesterase (PDE)
isozymes as targets of the intracellular signalling network: Benefits of PDE
inhibitors in various diseases and perspectives for future therapeutic developments.
Br. J. Pharmacol. 165 (5), 1288-1305. doi:10.1111/j.1476-5381.2011.01729.x

King, T. E., Bradford, W. Z., Castro-Bernardini, S., Fagan, E. A., Glaspole, L,
Glassberg, M. K., et al. (2014). A phase 3 trial of pirfenidone in patients with
idiopathic pulmonary fibrosis. N. Engl. J. Med. 370 (22), 2083-2092. doi:10.1056/
NEJMoal402582

King, T. E.,, Pardo, A., and Selman, M. (2011). Idiopathic pulmonary fibrosis. Lancet
378 (9807), 1949-1961. doi:10.1016/S0140-6736(11)60052-4

Kohyama, T., Ertl, R. F., Valenti, V., Spurzem, J., KawaMoto, M., Nakamura, Y.,
et al. (2001). Prostaglandin E-2 inhibits fibroblast chemotaxis. Am.
J. Physiology-Lung Cell. Mol. Physiology 281 (5), L1257-L1263. doi:10.1152/
ajplung.2001.281.5.L1257

Kolb, M., Raghu, G., Wells, A. U,, Behr, J., Richeldi, L., Schinzel, B., et al. (2018).
Nintedanib plus sildenafil in patients with idiopathic pulmonary fibrosis. N. Engl.
J. Med. 379 (18), 1722-1731. doi:10.1056/NEJMoal811737

Kolosionek, E., Savai, R., Ghofrani, H. A., Weissmann, N., Guenther, A., Grimminger,
F, et al. (2022). Expression and activity of phosphodiesterase isoforms during epithelial
mesenchymal transition: The role of phosphodiesterase 4. Mol. Biol. Cell 33 (9), cor2.
cor2. doi:10.1091/mbc.E09-01-0019_corr

Kropski, J. A., and Blackwell, T. S. (2018). Endoplasmic reticulum stress in the
pathogenesis of fibrotic disease. J. Clin. Invest. 128 (1), 64-73. doi:10.1172/JCI93560

Le, M.-L,, Jiang, M. Y., Han, C,, Yang, Y. Y., and Wu, Y. (2022). PDEI inhibitors: A
review of the recent patent literature (2008-present). Expert Opin. Ther. Pat. 32 (4),
423-439. doi:10.1080/13543776.2022.2027910

frontiersin.org


https://doi.org/10.1096/fj.202000754R
https://doi.org/10.1111/j.1067-1927.2005.130102.x
https://doi.org/10.1111/j.1067-1927.2005.130102.x
https://doi.org/10.1016/j.bbrc.2006.04.143
https://doi.org/10.1097/FJC.0000000000000773
https://doi.org/10.1097/FJC.0000000000000773
https://doi.org/10.1016/j.ejphar.2007.06.036
https://doi.org/10.1016/j.stem.2017.07.011
https://doi.org/10.1164/arrd.1985.131.1.94
https://doi.org/10.1111/bph.14137
https://doi.org/10.1172/jci.insight.144799
https://doi.org/10.1152/physrev.00030.2010
https://doi.org/10.1165/ajrcmb.20.2.3140
https://doi.org/10.1165/ajrcmb.20.2.3140
https://doi.org/10.1517/13543784.10.7.1361
https://doi.org/10.2174/092986710791859360
https://doi.org/10.1016/j.cellsig.2017.06.002
https://doi.org/10.1016/j.cellsig.2017.06.002
https://doi.org/10.1016/j.eururo.2006.06.049
https://doi.org/10.3389/fphys.2019.01387
https://doi.org/10.1007/s13311-014-0309-7
https://doi.org/10.1165/rcmb.2012-0354OC
https://doi.org/10.1016/j.pupt.2010.03.011
https://doi.org/10.1126/scitranslmed.3008182
https://doi.org/10.3389/fphar.2022.838449
https://doi.org/10.1073/pnas.0911684106
https://doi.org/10.1038/sj.jid.5700613
https://doi.org/10.1155/2022/2291877
https://doi.org/10.1186/s12931-017-0653-3
https://doi.org/10.1165/rcmb.2008-0080OC
https://doi.org/10.1165/rcmb.2008-0080OC
https://doi.org/10.1165/rcmb.2008-0080OC
https://doi.org/10.1165/rcmb.2008-0080OC
https://doi.org/10.1152/ajplung.00232.2006
https://doi.org/10.1152/ajplung.00232.2006
https://doi.org/10.1016/j.ajpath.2011.08.018
https://doi.org/10.1021/acs.jmedchem.1c01085
https://doi.org/10.1111/j.1476-5381.2012.01847.x
https://doi.org/10.1001/jama.235.18.1983
https://doi.org/10.1016/j.bbadis.2021.166077
https://doi.org/10.1016/j.ebiom.2018.12.052
https://doi.org/10.1016/j.ebiom.2018.12.052
https://doi.org/10.1038/s41598-021-97396-z
https://doi.org/10.1126/science.282.5397.2275
https://doi.org/10.1111/j.1476-5381.2011.01729.x
https://doi.org/10.1056/NEJMoa1402582
https://doi.org/10.1056/NEJMoa1402582
https://doi.org/10.1016/S0140-6736(11)60052-4
https://doi.org/10.1152/ajplung.2001.281.5.L1257
https://doi.org/10.1152/ajplung.2001.281.5.L1257
https://doi.org/10.1056/NEJMoa1811737
https://doi.org/10.1091/mbc.E09-01-0019_corr
https://doi.org/10.1172/JCI93560
https://doi.org/10.1080/13543776.2022.2027910
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1111393

Yang et al.

Lee, H. J. (2022). Therapeutic potential of the combination of pentoxifylline and
vitamin-E in inflammatory bowel disease: Inhibition of intestinal fibrosis. J. Clin. Med.
11 (16), 4713. doi:10.3390/jcm11164713

Lee, J. G., Shim, S., Kim, M. J., Myung, J. K,, Jang, W. S, Bae, C. H,, et al. (2017).
Pentoxifylline regulates plasminogen activator inhibitor-1 expression and protein
kinase A phosphorylation in radiation-induced lung fibrosis. Biomed. Res. Int. 2017,
1279280. doi:10.1155/2017/1279280

Li, H., Zhang, Y., Liu, M., Fan, C,, Feng, C,, Lu, Q,, et al. (2022). Targeting PDE4 as a
promising therapeutic strategy in chronic ulcerative colitis through modulating mucosal
homeostasis. Acta Pharm. Sin. B 12 (1), 228-245. doi:10.1016/j.apsb.2021.04.007

Li, H,, Zuo, J. P, and Tang, W. (2018). Phosphodiesterase-4 inhibitors for the
treatment of inflammatory diseases. Front. Pharmacol. 9, 1048. doi:10.3389/fphar.2018.
01048

Lin, Y., and Xu, Z. (2020). Fibroblast senescence in idiopathic pulmonary fibrosis.
Front. Cell Dev. Biol. 8, 593283. doi:10.3389/fcell.2020.593283

Lin, Y., Xu, Z,, Zhou, B,, Ma, K, and Jiang, M. (2022). Pentoxifylline inhibits
pulmonary fibrosis by regulating cellular senescence in mice. Front. Pharmacol. 13,
848263. doi:10.3389/fphar.2022.848263

Liu, G. Y., and Sabatini, D. M. (2020). mTOR at the nexus of nutrition, growth,
ageing and disease. Nat. Rev. Mol. Cell Biol. 21 (4), 183-203. d0i:10.1038/s41580-019-
0199-y

Liu, X., Ostrom, R. S., and Insel, P. A. (2004). cAMP-elevating agents and adenylyl
cyclase overexpression promote an antifibrotic phenotype in pulmonary fibroblasts.
Am. ]. Physiology. Cell Physiology 286 (5), C1089-C1099. doi:10.1152/ajpcell.00461.
2003

Lok, S. S., Stewart, J. P., Kelly, B. G., Hasleton, P. S., and Egan, J. J. (2001). Epstein-Barr
virus and wild p53 in idiopathic pulmonary fibrosis. Respir. Med. 95 (10), 787-791.
doi:10.1053/rmed.2001.1152

Mabher, T. M., Wells, A. U,, and Laurent, G. J. (2007). Idiopathic pulmonary fibrosis:
Multiple causes and multiple mechanisms? Eur. Respir. J. 30 (5), 835-839. doi:10.1183/
09031936.00069307

Margaritopoulos, G. A., RoMagnoli, M., Poletti, V., Siafakas, N. M., Wells, A. U,
and Antoniou, K. M. (2012). Recent advances in the pathogenesis and clinical
evaluation of pulmonary fibrosis. Eur. Respir. Rev. 21 (123), 48-56. doi:10.1183/
09059180.00007611

Mata, M., Sarria, B., BuenestAdo, A., CortiJo, J., Cerda, M., and Morcillo, E. J. (2005).
Phosphodiesterase 4 inhibition decreases MUC5AC expression induced by epidermal
growth factor in human airway epithelial cells. Thorax 60 (2), 144-152. doi:10.1136/thx.
2004.025692

Matsuhira, T., Nishiyama, O., Tabata, Y., Kaji, C., Kubota-Ishida, N., Chiba, Y., et al.
(2020). A novel phosphodiesterase 4 inhibitor, AA6216, reduces macrophage activity
and fibrosis in the lung. Eur. J. Pharmacol. 885, 173508. doi:10.1016/j.ejphar.2020.
173508

Maurice, D. H,, Ke, H., Ahmad, F., Wang, Y., Chung, J., and Manganiello, V. C.
(2014). Advances in targeting cyclic nucleotide phosphodiesterases. Nat. Rev. Drug
Discov. 13 (4), 290-314. doi:10.1038/nrd4228

Michie, A. M., Lobban, M., Muller, T., Harnett, M. M., and Houslay, M. D. (1996).
Rapid regulation of PDE-2 and PDE-4 cyclic AMP phosphodiesterase activity following
ligation of the T cell antigen receptor on thymocytes: Analysis using the selective
inhibitors erythro-9-(2-hydroxy-3-nonyl)-adenine (EHNA) and rolipram. Cell Signal 8
(2), 97-110. doi:10.1016/0898-6568(95)02032-2

Milara, J., Morcillo, E., Monleon, D., Tenor, H., and Cortijo, J. (2015). Roflumilast
prevents the metabolic effects of bleomycin-induced fibrosis in a murine model. PloS
One 10 (7), €0133453. doi:10.1371/journal.pone.0133453

Minguet, S., Huber, M., Rosenkranz, L., Schamel, W. W. A, Reth, M., and Brummer,
T. (2005). Adenosine and cAMP are potent inhibitors of the NF-kappa B pathway
downstream of immunoreceptors. Eur. J. Immunol. 35 (1), 31-41. doi:10.1002/eji.
200425524

Mishra, S., Sadagopan, N., Dunkerly-Eyring, B., Rodriguez, S., Sarver, D. C., Ceddia,
R. P, et al. (2021). Inhibition of phosphodiesterase type 9 reduces obesity and
cardiometabolic syndrome in mice. J. Clin. Invest. 131 (21), €148798. doi:10.1172/
JCI148798

Movsesian, M. A. (2003). PDE3 inhibition in dilated cardiomyopathy: Reasons to
reconsider. J. Card. Fail 9 (6), 475-480. doi:10.1016/s1071-9164(03)00135-0

Nagasaki, S., Nakano, Y., Masuda, M., Ono, K., Miki, Y., Shibahara, Y., et al. (2012).
Phosphodiesterase type 9 (PDE9) in the human lower urinary tract: An
immunohistochemical study. BJU Int. 109 (6), 934-940. doi:10.1111/j.1464-410X.
2011.10429.x

Ng, Y. Y, Chen, Y. M,, Tsai, T. J,, Lan, X. R,, Yang, W. C,, and Lan, H. Y. (2009).
Pentoxifylline inhibits transforming growth factor-beta signaling and renal fibrosis in
experimental crescentic glomerulonephritis in rats. Am. J. Nephrol. 29 (1), 43-53.
doi:10.1159/000150600

Nie, Y., Sun, L., Wu, Y., Yang, Y., Wang, J., He, H,, et al. (2017). AKT?2 regulates
pulmonary inflammation and fibrosis via modulating macrophage activation.
J. Immunol. Baltim. Md, 1950) 198 (11), 4470-4480. doi:10.4049/jimmunol.
1601503

Frontiers in Pharmacology

11

10.3389/fphar.2023.1111393

Niimura, M., Miki, T., Shibasaki, T., Fujimoto, W., Iwanaga, T., and Seino, S. (2009).
Critical role of the N-terminal cyclic AMP-binding domain of Epac2 in its subcellular
localization and function. J. Cell. Physiology 219 (3), 652-658. doi:10.1002/jcp.21709

Noble, P. W., Albera, C., Bradford, W. Z., Costabel, U., Glassberg, M. K., Kardatzke,
D., et al. (2011). Pirfenidone in patients with idiopathic pulmonary fibrosis
(CAPACITY): Two randomised trials. Lancet 377 (9779), 1760-1769. doi:10.1016/
S0140-6736(11)60405-4

Oldenburger, A., Maarsingh, H., and Schmidt, M. (2012). Multiple facets of cAMP
signalling and physiological impact: cAMP compartmentalization in the lung. Pharm.
(Basel) 5 (12), 1291-1331. doi:10.3390/ph5121291

Otoupalova, E., Smith, S., Cheng, G., and Thannickal, V. J. (2020). Oxidative stress in
pulmonary fibrosis. Compr. Physiol. 10 (2), 509-547. doi:10.1002/cphy.c190017

Pardali, E., Sanchez-Duffhues, G., Gomez-Puerto, M. C,, and Ten Dijke, P. (2017).
TGF-beta-Induced endothelial-mesenchymal transition in fibrotic diseases. Int. J. Mol.
Sci. 18 (10), 2157. doi:10.3390/ijms18102157

Phillips, J. E. (2020). Inhaled phosphodiesterase 4 (PDE4) inhibitors for inflammatory
respiratory diseases. Front. Pharmacol. 11, 259. doi:10.3389/fphar.2020.00259

Rabal, O., Sanchez-Arias, J. A., Cuadrado-Tejedor, M., de Miguel, I, Perez-Gonzalez,
M., Garcia-Barroso, C., et al. (2019). Multitarget approach for the treatment of
alzheimer’s disease: Inhibition of phosphodiesterase 9 (PDE9) and histone
deacetylases (HDACs) covering diverse selectivity profiles. ACS Chem. Neurosci. 10
(9), 4076-4101. doi:10.1021/acschemneuro.9b00303

Raghu, G., Remy-Jardin, M., Richeldi, L., Thomson, C. C,, Inoue, Y., Johkoh, T., et al.
(2022). Idiopathic pulmonary fibrosis (an update) and progressive pulmonary fibrosis in
adults: An official ATS/ERS/JRS/ALAT clinical practice guideline. Am. J. Respir. Crit.
Care Med. 205 (9), e18-e47. doi:10.1164/rccm.202202-0399ST

Renz, H., Kerzel, S., and Nockher, W. A. (2004). The role of neurotrophins in
bronchial asthma: Contribution of the pan-neurotrophin receptor p75. Prog. Brain Res.
146, 325-333. doi:10.1016/s0079-6123(03)46020-2

Richeldi, L., Azuma, A, Cottin, V., Hesslinger, C., Stowasser, S., Valenzuela, C., et al.
(2022). Trial of a preferential phosphodiesterase 4B inhibitor for idiopathic pulmonary
fibrosis. N. Engl. ]. Med. 386, 2178-2187. doi:10.1056/NEJMo0a2201737

Richeldi, L., Collard, H. R., and Jones, M. G. (2017). Idiopathic pulmonary fibrosis.
Lancet 389 (10082), 1941-1952. doi:10.1016/S0140-6736(17)30866-8

Richter, K., and Kietzmann, T. (2016). Reactive oxygen species and fibrosis: Further
evidence of a significant liaison. Cell Tissue Res. 365 (3), 591-605. doi:10.1007/s00441-
016-2445-3

Roscioni, S. S., Maarsingh, H., Elzinga, C. R. S., Schuur, J., Menzen, M., Halayko, A.J.,
et al. (2011). Epac as a novel effector of airway smooth muscle relaxation. J. Cell. Mol.
Med. 15 (7), 1551-1563. doi:10.1111/j.1582-4934.2010.01150.x

Sachs, B. D, Baillie, G. S., McCall, J. R., Passino, M. A., Schachtrup, C., Wallace, D. A.,
et al. (2007). p75 neurotrophin receptor regulates tissue fibrosis through inhibition of
plasminogen activation via a PDE4/cAMP/PKA pathway. J. Cell Biol. 177 (6),
1119-1132. doi:10.1083/jcb.200701040

Sadek, M. S., Cachorro, E., El-Armouche, A., and Kammerer, S. (2020). Therapeutic
implications for PDE2 and cGMP/cAMP mediated crosstalk in cardiovascular diseases.
Int. J. Mol. Sci. 21 (20), 7462. doi:10.3390/ijms21207462

Sakao, S., Tanabe, N., and Tatsumi, K. (2019). Hypoxic pulmonary vasoconstriction
and the diffusing capacity in pulmonary hypertension secondary to idiopathic
pulmonary fibrosis. J. Am. Heart Assoc. 8 (16), €013310. doi:10.1161/JAHA.119.013310

Sakao, S., Taraseviciene-Stewart, L., Lee, J. D., Wood, K., Cool, C. D., and Voelkel, N.
F. (2005). Initial apoptosis is followed by increased proliferation of apoptosis-resistant
endothelial cells. Faseb J. 19 (9), 1178-1180. doi:10.1096/fj.04-3261fje

Sakao, S., Taraseviciene-Stewart, L., Wood, K., Cool, C. D., and Voelkel, N. F. (2006).
Apoptosis of pulmonary microvascular endothelial cells stimulates vascular smooth
muscle cell growth. Am. J. Physiol. Lung Cell Mol. Physiol. 291 (3), L362-L368. doi:10.
1152/ajplung.00111.2005

Sampson, N., Berger, P., and Zenzmaier, C. (2012). Therapeutic targeting of redox
signaling in myofibroblast differentiation and age-related fibrotic disease. Oxidative
Med. Cell. Longev. 2012, 458276. doi:10.1155/2012/458276

Sandner, P., Berger, P., and Zenzmaier, C. (2017). The potential of sGC modulators
for the treatment of age-related fibrosis: A mini-review. Gerontology 63 (3), 216-227.
doi:10.1159/000450946

Schafer, M. J., White, T. A,, Iijima, K., Haak, A. J., Ligresti, G., Atkinson, E. J., et al.

(2017). Cellular senescence mediates fibrotic pulmonary disease. Nat. Commun. 8,
14532. doi:10.1038/ncomms14532

Schinner, E., Wetzl, V., and Schlossmann, J. (2015). Cyclic nucleotide signalling in
kidney fibrosis. Int. J. Mol. Sci. 16 (2), 2320-2351. doi:10.3390/ijms16022320

Selige, J., Hatzelmann, A., and Dunkern, T. (2011). The differential impact of
PDE4 subtypes in human lung fibroblasts on cytokine-induced proliferation and
myofibroblast conversion. J. Cell Physiol. 226 (8), 1970-1980. doi:10.1002/jcp.22529

Seo, M. H,, Kim, D. W., Kim, Y. S,, and Lee, S. K. (2022). Pentoxifylline-induced
protein expression change in RAW 264.7 cells as determined by immunoprecipitation-
based high performance liquid chromatography. PloS One 17 (3), €0261797. doi:10.
1371/journal.pone.0261797

frontiersin.org


https://doi.org/10.3390/jcm11164713
https://doi.org/10.1155/2017/1279280
https://doi.org/10.1016/j.apsb.2021.04.007
https://doi.org/10.3389/fphar.2018.01048
https://doi.org/10.3389/fphar.2018.01048
https://doi.org/10.3389/fcell.2020.593283
https://doi.org/10.3389/fphar.2022.848263
https://doi.org/10.1038/s41580-019-0199-y
https://doi.org/10.1038/s41580-019-0199-y
https://doi.org/10.1152/ajpcell.00461.2003
https://doi.org/10.1152/ajpcell.00461.2003
https://doi.org/10.1053/rmed.2001.1152
https://doi.org/10.1183/09031936.00069307
https://doi.org/10.1183/09031936.00069307
https://doi.org/10.1183/09059180.00007611
https://doi.org/10.1183/09059180.00007611
https://doi.org/10.1136/thx.2004.025692
https://doi.org/10.1136/thx.2004.025692
https://doi.org/10.1016/j.ejphar.2020.173508
https://doi.org/10.1016/j.ejphar.2020.173508
https://doi.org/10.1038/nrd4228
https://doi.org/10.1016/0898-6568(95)02032-2
https://doi.org/10.1371/journal.pone.0133453
https://doi.org/10.1002/eji.200425524
https://doi.org/10.1002/eji.200425524
https://doi.org/10.1172/JCI148798
https://doi.org/10.1172/JCI148798
https://doi.org/10.1016/s1071-9164(03)00135-0
https://doi.org/10.1111/j.1464-410X.2011.10429.x
https://doi.org/10.1111/j.1464-410X.2011.10429.x
https://doi.org/10.1159/000150600
https://doi.org/10.4049/jimmunol.1601503
https://doi.org/10.4049/jimmunol.1601503
https://doi.org/10.1002/jcp.21709
https://doi.org/10.1016/S0140-6736(11)60405-4
https://doi.org/10.1016/S0140-6736(11)60405-4
https://doi.org/10.3390/ph5121291
https://doi.org/10.1002/cphy.c190017
https://doi.org/10.3390/ijms18102157
https://doi.org/10.3389/fphar.2020.00259
https://doi.org/10.1021/acschemneuro.9b00303
https://doi.org/10.1164/rccm.202202-0399ST
https://doi.org/10.1016/s0079-6123(03)46020-2
https://doi.org/10.1056/NEJMoa2201737
https://doi.org/10.1016/S0140-6736(17)30866-8
https://doi.org/10.1007/s00441-016-2445-3
https://doi.org/10.1007/s00441-016-2445-3
https://doi.org/10.1111/j.1582-4934.2010.01150.x
https://doi.org/10.1083/jcb.200701040
https://doi.org/10.3390/ijms21207462
https://doi.org/10.1161/JAHA.119.013310
https://doi.org/10.1096/fj.04-3261fje
https://doi.org/10.1152/ajplung.00111.2005
https://doi.org/10.1152/ajplung.00111.2005
https://doi.org/10.1155/2012/458276
https://doi.org/10.1159/000450946
https://doi.org/10.1038/ncomms14532
https://doi.org/10.3390/ijms16022320
https://doi.org/10.1002/jcp.22529
https://doi.org/10.1371/journal.pone.0261797
https://doi.org/10.1371/journal.pone.0261797
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1111393

Yang et al.

Sgalla, G., Tovene, B., Calvello, M., Ori, M., Varone, F., and Richeldi, L. (2018).
Idiopathic pulmonary fibrosis: Pathogenesis and management. Respir. Res. 19, 32.
doi:10.1186/s12931-018-0730-2

Sharma, K., Ishag, M., Sharma, G., Khan, M. A,, Dutta, R. K, and Majumdar, S.
(2016). Pentoxifylline triggers autophagy via ER stress response that interferes with
Pentoxifylline induced apoptosis in human melanoma cells. Biochem. Pharmacol. 103,
17-28. doi:10.1016/j.bcp.2015.12.018

Sisson, T. H., Christensen, P. J., Muraki, Y., Dils, A. J., Chibucos, L., Subbotina, N.,
et al. (2018). Phosphodiesterase 4 inhibition reduces lung fibrosis following targeted
type II alveolar epithelial cell injury. Physiol. Rep. 6 (12), e13753. doi:10.14814/phy2.
13753

Spagnolo, P., Bonella, F., Ryerson, C. J., Tzouvelekis, A., and Maher, T. M. (2020).
Shedding light on developmental drugs for idiopathic pulmonary fibrosis. Expert Opin.
Investig. Drugs 29 (8), 797-808. doi:10.1080/13543784.2020.1782885

Spagnolo, P., Kropski, J. A., Jones, M. G., Lee, J. S., Rossi, G., Karampitsakos, T., et al.
(2021). Idiopathic pulmonary fibrosis: Disease mechanisms and drug development.
Pharmacol. Ther. 222, 107798. doi:10.1016/j.pharmthera.2020.107798

Spagnolo, P., Ryerson, C. J., Putman, R., Oldham, J., Salisbury, M., Sverzellati, N., et al.
(2021). Early diagnosis of fibrotic interstitial lung disease: Challenges and opportunities.
Lancet Respir. Med. 9 (9), 1065-1076. doi:10.1016/52213-2600(21)00017-5

Spagnolo, P., Tzouvelekis, A., and Bonella, F. (2018). The management of patients
with idiopathic pulmonary fibrosis. Front. Med. 5, 148. doi:10.3389/fmed.2018.00148

Speer, E. M., Dowling, D. J., Ozog, L. S., Xu, J., Yang, J., Kennady, G., et al. (2017).
Pentoxifylline inhibits TLR- and inflammasome-mediated in vitro inflammatory
cytokine production in human blood with greater efficacy and potency in newborns.
Pediatr. Res. 81 (5), 806-816. doi:10.1038/pr.2017.6

Spina, D. (2008). PDE4 inhibitors: Current status. Br. J. Pharmacol. 155 (3), 308-315.
doi:10.1038/bjp.2008.307

Stevens, J. W., Simpson, E., Harnan, S., Squires, H., Meng, Y., Thomas$, S., et al. (2012).
Systematic review of the efficacy of cilostazol, naftidrofuryl oxalate and pentoxifylline
for the treatment of intermittent claudication. Br. J. Surg. 99 (12), 1630-1638. doi:10.
1002/bjs.8895

Stewart, J. P., Egan, J. ], Ross, A. ], Kelly, B. G., Lok, S. S., Hasleton, P. S, et al. (1999).
The detection of Epstein-Barr virus DNA in lung tissue from patients with idiopathic
pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 159 (4), 1336-1341. doi:10.1164/
ajrccm.159.4.9807077

Stout-Delgado, H. W., Cho, S. J., Chu, S. G., Mitzel, D. N, Villalba, J., El-Chemaly, S.,
et al. (2016). Age-dependent susceptibility to pulmonary fibrosis is associated with
NLRP3 inflammasome activation. Am. J. Respir. Cell Mol. Biol. 55 (2), 252-263. doi:10.
1165/rcmb.2015-02220C

Swierczek, A., Plutecka, H., Slusarczyk, M., Chlon-Rzepa, G., and Wyska, E. (2021).
PK/PD modeling of the PDE7 inhibitor-GRMS-55 in a mouse model of autoimmune
hepatitis. Pharmaceutics 13 (5), 597. doi:10.3390/pharmaceutics13050597

Sylvester, J. T., Shimoda, L. A., Aaronson, P. I, and Ward, J. P. T. (2012). Hypoxic
pulmonary vasoconstriction. Physiol. Rev. 92 (1), 367-520. doi:10.1152/physrev.00041.
2010

Tang, Y. W, Johnson, J. E.,, Browning, P. J., Cruz-Gervis, R. A., Davis, A., Graham, B.
S., et al. (2003). Herpesvirus DNA is consistently detected in lungs of patients with
idiopathic pulmonary fibrosis. J. Clin. Microbiol. 41 (6), 2633-2640. doi:10.1128/jcm.41.
6.2633-2640.2003

Toonkel, R. L., Hare, J. M., Matthay, M. A., and Glassberg, M. K. (2013).
Mesenchymal stem cells and idiopathic pulmonary fibrosis. Potential for clinical
testing. Am. J. Respir. Crit. Care Med. 188 (2), 133-140. doi:10.1164/rccm.201207-
1204PP

Torphy, T. J. (1998). Phosphodiesterase isozymes: Molecular targets for novel
antiasthma agents. Am. J. Respir. Crit. Care Med. 157 (2), 351-370. doi:10.1164/
ajrccm.157.2.9708012

Udalov, S., Dumitrascu, R., Pullamsetti, S. S., Al-tamari, H. M., Weissmann, N.,
Ghofrani, H. A., et al. (2010). Effects of phosphodiesterase 4 inhibition on bleomycin-
induced pulmonary fibrosis in mice. BMC Pulm. Med. 10, 26. doi:10.1186/1471-2466-
10-26

Wang, J., Hu, K, Cai, X, Yang, B., He, Q,, Wang, J., et al. (2022). Targeting PI3K/AKT
signaling for treatment of idiopathic pulmonary fibrosis. Acta Pharm. Sin. B 12 (1),
18-32. doi:10.1016/j.apsb.2021.07.023

Wang, T., Reingruber, J., Woodruff, M. L., Majumder, A., Camarena, A., Artemyev,
N. O,, et al. (2018). The PDE6 mutation in the rd10 retinal degeneration mouse model
causes protein mislocalization and instability and promotes cell death through increased
ion influx. J. Biol. Chem. 293 (40), 15332-15346. doi:10.1074/jbc.RA118.004459

Frontiers in Pharmacology

12

10.3389/fphar.2023.1111393

Wen, W. X, Lee, S. Y., Siang, R., and Koh, R. Y. (2017). Repurposing pentoxifylline for
the treatment of fibrosis: An overview. Adv. Ther. 34 (6), 1245-1269. doi:10.1007/
512325-017-0547-2

Wilborn, J., Crofford, L. J., Burdick, M. D., Kunkel, S. L., Strieter, R. M., and Peters-
Golden, M. (1995). Cultured lung fibroblasts isolated from patients with idiopathic
pulmonary fibrosis have a diminished capacity to synthesize prostaglandin E2 and to
express cyclooxygenase-2. J. Clin. Investigation 95 (4), 1861-1868. doi:10.1172/
JCI117866

Wilson, M. S., and Wynn, T. A. (2009). Pulmonary fibrosis: Pathogenesis, etiology
and regulation. Mucosal Immunol. 2 (2), 103-121. doi:10.1038/mi.2008.85

Wipff, P. J,, Rifkin, D. B., Meister, J. J., and Hinz, B. (2007). Myofibroblast contraction
activates latent TGF-betal from the extracellular matrix. J. Cell Biol. 179 (6), 1311-1323.
doi:10.1083/jcb.200704042

Wojcik-Pszczola, K., Chton-Rzepa, G., Jankowska, A., Ferreira, B., Koczurkiewicz-
Adamczyk, P., Pekala, E., et al. (2022). Pan-phosphodiesterase inhibitors attenuate
TGF-B-induced pro-fibrotic phenotype in alveolar epithelial type II cells by
downregulating smad-2 phosphorylation. Pharm. (Basel, Switz. 15 (4), 423. doi:10.
3390/ph15040423

Wojcik-Pszczota, K., Chlon-Rzepa, G., Jankowska, A., Slusarczyk, M., Ferdek, P. E.,
Kusiak, A. A., et al. (2020). A novel, pan-PDE inhibitor exerts anti-fibrotic effects in
human lung fibroblasts via inhibition of TGF- signaling and activation of cAAMP/PKA
signaling. Int. J. Mol. Sci. 21 (11), 4008. doi:10.3390/ijms21114008

Wojcik-Pszczola, K., Jankowska, A., Slusarczyk, M., Jakieta, B., Plutecka, H., Pociecha,
K., etal. (2021). Synthesis and in vitro evaluation of anti-inflammatory, antioxidant, and
anti-fibrotic effects of new 8-aminopurine-2,6-dione-based phosphodiesterase
inhibitors as promising anti-asthmatic agents. Bioorg. Chem. 117, 105409. doi:10.
1016/j.bioorg.2021.105409

Wright, L. C., Seybold, J., RobichAud, A., Adcock, I. M., and Barnes, P. J. (1998).
Phosphodiesterase expression in human epithelial cells. Am. J. Physiology-Lung Cell.
Mol. Physiology 275 (4), L694-L1700. doi:10.1152/ajplung.1998.275.4.L694

Wynn, T. A, and Ramalingam, T. R. (2012). Mechanisms of fibrosis: Therapeutic
translation for fibrotic disease. Nat. Med. 18 (7), 1028-1040. doi:10.1038/nm.2807

Xu, F, Lv, C, Deng, Y., Liu, Y., Gong, Q. Shi, J., et al. (2020). Icariside II, a
PDES inhibitor, suppresses oxygen-glucose deprivation/reperfusion-induced primary
hippocampal neuronal death through activating the PKG/CREB/BDNF/TrkB signaling
pathway. Front. Pharmacol. 11, 523. doi:10.3389/fphar.2020.00523

Yanai, S., and Endo, S. (2019). PDE3 inhibitors repurposed as treatments for age-
related cognitive impairment. Mol. Neurobiol. 56 (6), 4306-4316. doi:10.1007/s12035-
018-1374-4

Yang, F., Chen, E., Yang, Y., Han, F,, Han, S., Wu, G,, et al. (2019). The Akt/FoxO/
p27(Kipl) axis contributes to the anti-proliferation of pentoxifylline in hypertrophic
scars. J. Cell Mol. Med. 23 (9), 6164-6172. doi:10.1111/jcmm.14498

Yao, C., Guan, X, Carraro, G., Parimon, T., Liu, X,, Huang, G., et al. (2021).
Senescence of alveolar type 2 cells drives progressive pulmonary fibrosis. Am.
J. Respir. Crit. Care Med. 203 (6), 707-717. doi:10.1164/rccm.202004-12740C

Yildirim, A., Ersoy, Y., Ercan, F., Atukeren, P., Gumustas, K., Uslu, U,, et al. (2010).
Phosphodiesterase-5 inhibition by sildenafil citrate in a rat model of bleomycin-
induced lung fibrosis. Pulm. Pharmacol. Ther. 23 (3), 215-221. doi:10.1016/j.pupt.
2009.11.002

Yokoyama, U., Patel, H. H., Lai, N. C., Aroonsakool, N., Roth, D. M., and Insel, P. A.
(2008). The cyclic AMP effector Epac integrates pro- and anti-fibrotic signals. Proc.
Natl. Acad. Sci. U. S. A. 105 (17), 6386-6391. doi:10.1073/pnas.0801490105

Zieba, B. J., Artamonov, M. V., Jin, L., Momotani, K., Ho, R., Franke, A. S., et al.
(2011). The cAMP-responsive Rap1 guanine nucleotide exchange factor, Epac, induces
smooth muscle relaxation by down-regulation of RhoA activity. J. Biol. Chem. 286 (19),
16681-16692. doi:10.1074/jbc.M110.205062

Zuccarello, E., Acquarone, E., Calcagno, E., Argyrousi, E. K., Deng, S. X., Landry, D.
W., et al. (2020). Development of novel phosphodiesterase 5 inhibitors for the
therapy of Alzheimer’s disease. Biochem. Pharmacol. 176, 113818. doi:10.1016/j.bcp.
2020.113818

Zuo, H., Cattani-Cavalieri, I, Valenca, S. S., Musheshe, N., and Schmidt, M. (2019).
Function of cAMP scaffolds in obstructive lung disease: Focus on epithelial-to-
mesenchymal transition and oxidative stress. Br. J. Pharmacol. 176 (14), 2402-2415.
doi:10.1111/bph.14605

Zuo, H., Cattani-Cavalieri, L., Valenca, S. S., Musheshe, N., and Schmidt, M. (2019).
Function of cAMP scaffolds in obstructive lung disease: Focus on epithelial-to-
mesenchymal transition and oxidative stress. Br. J. Pharmacol. 176 (14), 2402-2415.
doi:10.1111/bph.14605

frontiersin.org


https://doi.org/10.1186/s12931-018-0730-2
https://doi.org/10.1016/j.bcp.2015.12.018
https://doi.org/10.14814/phy2.13753
https://doi.org/10.14814/phy2.13753
https://doi.org/10.1080/13543784.2020.1782885
https://doi.org/10.1016/j.pharmthera.2020.107798
https://doi.org/10.1016/S2213-2600(21)00017-5
https://doi.org/10.3389/fmed.2018.00148
https://doi.org/10.1038/pr.2017.6
https://doi.org/10.1038/bjp.2008.307
https://doi.org/10.1002/bjs.8895
https://doi.org/10.1002/bjs.8895
https://doi.org/10.1164/ajrccm.159.4.9807077
https://doi.org/10.1164/ajrccm.159.4.9807077
https://doi.org/10.1165/rcmb.2015-0222OC
https://doi.org/10.1165/rcmb.2015-0222OC
https://doi.org/10.3390/pharmaceutics13050597
https://doi.org/10.1152/physrev.00041.2010
https://doi.org/10.1152/physrev.00041.2010
https://doi.org/10.1128/jcm.41.6.2633-2640.2003
https://doi.org/10.1128/jcm.41.6.2633-2640.2003
https://doi.org/10.1164/rccm.201207-1204PP
https://doi.org/10.1164/rccm.201207-1204PP
https://doi.org/10.1164/ajrccm.157.2.9708012
https://doi.org/10.1164/ajrccm.157.2.9708012
https://doi.org/10.1186/1471-2466-10-26
https://doi.org/10.1186/1471-2466-10-26
https://doi.org/10.1016/j.apsb.2021.07.023
https://doi.org/10.1074/jbc.RA118.004459
https://doi.org/10.1007/s12325-017-0547-2
https://doi.org/10.1007/s12325-017-0547-2
https://doi.org/10.1172/JCI117866
https://doi.org/10.1172/JCI117866
https://doi.org/10.1038/mi.2008.85
https://doi.org/10.1083/jcb.200704042
https://doi.org/10.3390/ph15040423
https://doi.org/10.3390/ph15040423
https://doi.org/10.3390/ijms21114008
https://doi.org/10.1016/j.bioorg.2021.105409
https://doi.org/10.1016/j.bioorg.2021.105409
https://doi.org/10.1152/ajplung.1998.275.4.L694
https://doi.org/10.1038/nm.2807
https://doi.org/10.3389/fphar.2020.00523
https://doi.org/10.1007/s12035-018-1374-4
https://doi.org/10.1007/s12035-018-1374-4
https://doi.org/10.1111/jcmm.14498
https://doi.org/10.1164/rccm.202004-1274OC
https://doi.org/10.1016/j.pupt.2009.11.002
https://doi.org/10.1016/j.pupt.2009.11.002
https://doi.org/10.1073/pnas.0801490105
https://doi.org/10.1074/jbc.M110.205062
https://doi.org/10.1016/j.bcp.2020.113818
https://doi.org/10.1016/j.bcp.2020.113818
https://doi.org/10.1111/bph.14605
https://doi.org/10.1111/bph.14605
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1111393

	Perspectives of PDE inhibitor on treating idiopathic pulmonary fibrosis
	1 Introduction
	2 Mechanism of cyclic nucleotides regulating fibrosis
	2.1 The cAMP/Epac pathway
	2.2 The cAMP/PKA pathway
	2.3 NO/SGC-cGMP pathway
	2.4 Structure and subtype of PDE

	3 Studies of different classes of PDE inhibitors in pulmonary fibrosis
	3.1 PDE4 inhibitor
	3.2 PDE5 inhibitor
	3.3 Non-selective phosphodiesterase inhibitor
	3.4 Pan-PDE inhibitor

	4 Other novel anti-pulmonary fibrosis drugs
	5 Discussion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


