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Abstract: Idiopathic pulmonary fibrosis (IPF) is a chronic progressive fibrosis disease 
caused by genetic susceptibility (causative) and other indirect risk factors such as smoking, 
micro-aspiration and air pollution. Repeated damage of lung epithelial cells can cause 
fibroblast activation and excessive collagen will lead the scar formation and severe fibrosis. 
It has been decades since drugs for the treatment of IPF were developed, but clinical choices 
were limited. Exchange Protein directly Activated by cAMP (EPAC), as a newly emerging 
cAMP (adenosine 3ʹ,5ʹ-cyclic monophosphate) downstream molecule, plays a vital role in the 
cellular pathways of IPF such as inhibiting fibroblast proliferation, stress fiber formation and 
epithelium cell adhesion, so it may be a novel target for drug development and treatment for 
curbing IPF. Here, we hypothesize that EPAC may participate in the signaling pathways 
related to IPF in different cell types (fibroblasts; airway smooth muscle cells; vascular 
endothelial cells; lung epithelial cells; macrophages; mesenchymal stem cells; T cells), 
thereby playing a potentially therapeutic role in resisting the process of fibrosis. We sum-
marize the current correlation between EPAC and IPF in these different cell types, and 
further insights into EPAC will help to optimize the pharmacological treatment for IPF. 
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Introduction
IPF is the most common idiopathic interstitial pneumonia, the prevalence of IPF is 
14–27.9 cases per 100,000 in the USA and 1.25–23 cases per 100,000 in Europe.1 

Patients with IPF suffer from shortness of breath and restricted movement and continue 
to deteriorate, the prevalence and mortality rate will gradually increase with age.2 Notably, 
PF is more prevalent in men, with a male to female ratio that usually approaches 2:1.3 

Occupational exposures to metal dust, plant dust or animal dust such as agriculture, 
hairdressing, stone cutting and polishing are closely related to IPF, especially the work of 
raising birds and exposure to plant or animal dust.4 These dusts contain dissociated silica 
which will be inhaled into the lungs along with the dust and can easily cause pulmonary 
silicosis (the symptoms are mainly IPF). The mechanism of pulmonary fibrosis includes 
repeated damage to alveolar epithelial cells (AECs) caused by various reasons, excessive 
accumulation of fibroblasts and activation of epithelial–mesenchymal transition (EMT).3 

Due to excess deposition of extracellular matrix (ECM) in the lung, especially collagen 
(the ECM-related protein, including collagen Ⅰ, Ⅱ, III), leads to scar formation and loss 
of function such as decreased lung capacity, diffusion dysfunction and hypoxemia, which 
will accelerate the deterioration of the condition.5 In terms of medicine, there are few 
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drugs with good effects. The currently recommended medi-
cines are nintedanib and pirfenidone, but they are at a -
premium.6 These drugs just slow down the decline in lung 
capacity, but cannot reverse the fibrosis. The new treatment 
strategies including biomarkers guiding therapy, lung micro-
biome targeted therapy, lung transplantation, etc.7 are still 
under development. As a comorbidity of Coronavirus disease 
2019 (COVID-19) pneumonia, pulmonary fibrosis (PF) dis-
ease has also received increasing attention from scientists.

EPAC can be found in various organs of the human body 
(lung, brain, renal) and it is an important downstream effector 
of cAMP, also known as cyclic adenylate binding protein or 
a guanine nucleotide exchange factor of Ras-like small 
GTPase.8 In 1998, Kawasaki et al found that EPAC has two 
isoforms: EPAC1 and EPAC2 (also known as cAMP-GEFⅠ 

and cAMP-GEFⅡ)8 (Figure 1). EPAC2 has three subtypes, 
namely EPAC2A, EPAC2B, EPAC2C.9,10 EPAC1 and EPAC2 
are distributed in most areas of the cell, such as the cytoplasm, 
nuclear membrane, mitochondria and cytoskeleton.11 The dis-
tribution of EPAC in cell division cycles is dynamic, and the 
distribution characteristics of EPAC in cells are consistent with 
its biological effect diversity. In a prospective study of EPAC, 
by using green fluorescent protein (GFP) labeling and other 
technologies, researchers have found that increasing cAMP to 
a certain level can quickly activate EPAC and redistribute it in 
the cell.12 As an important bridge between cAMP and down-
stream signaling molecules, EPAC is of great significance for 
cAMP to modulate various cell biological effects in PF. For 
example, EPAC may cooperate with cAMP-dependent protein 
kinase (PKA) to achieve many effects of cAMP or achieve it 
independently, such as regulating macrophage inflammation, 
epithelium cell adhesion, fibroblast proliferation and 
differentiation.13 cAMP in low concentration can easily 

activate EPAC, which promotes fibroblast migration via 
repressor/activator site-binding protein 1 (Rap1), but inhibits 
collagen synthesis through a Rap1-independent pathway.14 In 
addition, EPAC1 can induce Rap1-dependent and integrin- 
mediated cell adhesion to fibronectin in epithelium cells.15

In more than 20 years, EPAC has been shown to 
mediate a regulation in asthma and chronic obstructive 
pulmonary disease (COPD), and participate in various 
cell biological functions (airway smooth muscle cell 
relaxation, mesenchymal stem cell growth, etc.). One of 
the most classic EPAC/Rap1 functions is controlling the 
intercellular connections, regulating Rac1 to stabilize the 
function of the endothelial barrier.16 Recently, more and 
more evidence suggested that EPAC plays a role in IPF 
too. However, the mechanism of how EPAC affects the 
process of IPF is still unclear.

Hypothesis
We hypothesize that in idiopathic pulmonary fibrosis, EPAC 
may play a potential role in curbing the process of fibrosis 
based on the evidence that EPAC participates in the pathway of 
fibrosis process in different fibrosis-related cells (fibroblast; 
airway smooth muscle cell; endothelial cell; epithelium cell; 
macrophage; mesenchymal stem cell; T cell). At the same time, 
the immune and inflammatory response may also be involved 
in the linkage to affect pulmonary fibrosis.

Evaluation of the Hypothesis
EPAC Signaling in IPF Related Pulmonary 
Structured Cells
Fibroblasts
Pulmonary fibroblast is responsible for collagen production 
and ECM deposition and is directly related to the process of 

Figure 1 Domain architecture of EPAC isoforms. We divided them into two functional parts: regulatory region and catalytic region. The individual domains include: CDC25- 
HD, CDC25 homology domain (catalyzes Rap1 activation16); RA, Ras association domain; REM, Ras exchange motif; cAMP-B, cAMP-binding domains B; DEP, disheveled, 
EGL-10 and pleckstrin homology domain (localizes EPAC to the plasma membrane upon activation by cAMP17); cAMP-A, cAMP-binding domains A. EPAC2A has the longest 
sequence while EPAC2C is the shortest, EPAC2B has the resembled functional domain as EPAC1.

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                                

Journal of Inflammation Research 2021:14 612

Cao et al                                                                                                                                                              Dovepress

http://www.dovepress.com
http://www.dovepress.com


fibrosis. When PF is severe, the fibrosis area will become larger 
due to the excessive accumulation of fibroblasts and the myo-
fibroblast production. A lot of research focuses on fibroblasts 
in PF, and it is vital to understand its mechanisms in this 
disease. Transforming growth factor-β (TGF-β) has emerged 
as one of the main mediators responsible for fibroblast 
activation,17,18 and with the stimulation of TGF-β, fibroblasts 
will express α-smooth muscle actin (α-SMA) and collagen, 
and become myofibroblasts that are more contractile, prolif-
erative and secretory. All of this process involves the mediating 
role of EPAC1 and PKA. Huang et al studied in vitro the 
expression of EPAC at the cellular level by testing lung fibro-
blasts from IPF adult patients, and unveiled that EPAC1 was 
expressed in these cells while EPAC2 was not.19 Based on the 
current understanding of EPAC1 and EPAC2 in lung fibro-
blasts, it is possible to assign EPAC-dependent function to 
EPAC120.

Until now, some reports indicated that different sub-
types of prostaglandins can regulate PF in different path-
ways, simultaneously involved in EPAC protein. Among 
the prostaglandin subtypes, prostaglandin E2 
(PGE2) is more closely associated with fibroblasts in PF. 
For PGE2, it is a common substance in the study of PF. 
Some researchers conducted in vitro experiments on pri-
mary human fetal lung IMR-90 fibroblasts (a primary 
human fetal lung fibroblast line); they proved that activa-
tion of EPAC1 leads to Rap1 activation, cell migration and 
inhibition of proliferation, while PKA directly inhibits 
protein kinase C-δ (PKC-δ) and then reduces collagen 
expression, which are two completely different 
mechanisms19 (Figure 2). The common features of both 
are that they need to react with E-series of Prostaglandin 
Receptors type 2 (EP2) and sharing one signaling pathway 
(PGE2–EP2),21 then stimulatory G protein-α (Gαs) and 
adenyl cyclase (AC) are activated, together with adenosine 
triphosphate (ATP, produced by mitochondria) to increase 
the level of cAMP in fibroblasts.19 Finally, EPAC1 and 
PKA play a differential function, making the PGE2-related 
pathway relieve the progress of IPF. Besides, Haag et al 
testing the effectiveness of Butaprost (an EP2 receptor- 
special ligand) to inhibit [3H]-thymidine incorporation on 
the corresponding cAMP response element-binding pro-
tein (CREB) of EPAC1, EPAC2 and PKA, only found that 
EPAC1 can lead to a significant reduction while others 
cannot.22 Overall, EPAC1 is one of the key factors for EP2 
receptor activation against lung fibroblast proliferation.22

In contrast, it has been found that prostaglandin F2α 
(PGF2α) can promote the development of PF. Based on the 

current knowledge, we summarized the pathway diagram of 
PGF2α about PF in vitro (Figure 2): PGF2α binds to the 
prostaglandin F receptor (FP) on the cell membrane surface 
and dependent on the Ras homolog gene/a Rho-associated 
coiled coil-forming protein kinase (Rho-ROCK) pathway. 
By activating the small GTPase Rho signaling (PGF2α) and 
SMADs pathway (TGF-β), they jointly induce the increase 
of collagen in fibroblasts.23 In turn, since the PF-resistant 
function of EPAC has been proved, we infer that EPAC still 
plays a vital role in Rho-ROCK signaling of the PGF2α 

pathway.
Collectively, these recent studies in human lung fibro-

blasts indicate that the anti-fibrotic properties of cAMP 
most likely rely on the interplay of distinct cAMP- 
sensitive key effector proteins, and that both PKA and 
EPAC may (differentially) contribute to the regulation of 
fibroblast proliferation and collagen synthesis.20 Under 
limited conditions, the current understanding of EPAC in 
lung fibroblasts is mainly based on the study of human 
embryonic lung, fetal lung fibroblasts and mouse lung 
fibroblasts cultured in vitro, and only a few papers have 
studied the (functional) role of EPAC in adult human lung 
fibroblasts. Accordingly, many fundamental functions still 
need to be further verified by testing adult lung-derived 
fibroblasts.

Airway Smooth Muscle Cells (ASMCs)
ASMCs are generally involved in smooth muscle prolif-
eration, relaxation and migration, their dysfunction may 
cause bronchiectasis and chronic purulent inflammation of 
surrounding lung tissue,24 and fibrogenic factors such as 
TGF-β, platelet derived growth factor (PDGF) and tumor 
necrosis factor (TNF-α)  could affect the ASMCs, amplify 
the dysfunction effects and deteriorate the process of IPF. 
Recently, EPAC began to emerge and can be linked to 
SMCs. Chen et al proved that in vivo, EPAC inhibitor ESI- 
09 promoted mice ASMC proliferation and collagen 
deposition, suggesting a protective effect of EPAC on air-
way remodeling.25

It is reported that an EPAC agonist, 8-pCPT-2′-O-Me- 
cAMP (8-pCPT), induced relaxation of intact rat aorta 
precontracted with noradrenalin or phenylephrine 
mediated via ASMCs in vivo.26 Further experiments 
proved that activation of EPAC leads to relaxation of 
ASM Ca2+-sensitized force through activation of Rap1 
accompanied by the decrease in RhoA activity and myosin 
phosphatase targeting subunit (MYPT1) 
phosphorylation.27 In addition, on guinea pig and human 
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intact tracheal SM tissue, EPAC activation by cAMP leads 
to relaxation via activation of Rac, and Rac inhibitor can 
reverse the effect.28 In human and mouse fundus SMCs, β- 
adrenaline-stimulated cAMP can send a signal through 
EPAC1 and PKA to reduce RhoA activity and induce 
relaxation, and after using 8-pCPT to stimulate ASM, 
RhoA activity is significantly reduced as well. Further 
investigation found that 8-pCPT inhibition of lysopho-
sphatidic acid (LPA)-stimulated RhoA activity is abolished 
in Rap1B null cells and Rap1 activation by isoproterenol 
was inhibited by short hairpin RNA (shRNA) down- 
regulation of EPAC1 expression, demonstrating that this 
pathway is mainly dependent on EPAC/Rap1 instead of 

PKA/cyclic GMP-dependent protein kinase (PKG).27 The 
above indicated that EPAC could regulate 
ASMC proliferation, migration and relaxation in IPF, 
then repair the dysfunction and mitigate IPF progression, 
which is a noticeably promising field.

Vascular Endothelial Cells (VECs)
Hashimoto et al discovered for the first time that 
a considerable number of fibroblasts were transformed by 
TGF-β induced endothelial cells, named EndoMT (endothe-
lial–mesenchymal transition), and excessive 
fibroblasts would accelerate the process of fibrosis.29 In 
addition, endothelial cells are rich in pulmonary vasculature 

Figure 2 Fibroblasts involved in the EPAC pathway and connection with fibrosis. Activation of PKA and EPAC differentially inhibits specific fibroblast functions, activation of 
EPAC inhibits fibroblast proliferation, and both PKA and EPAC contribute to the inhibition of α-SMA expression and fibroblast transition to myofibroblasts.20 PGE2 inhibits 
lung fibroblast collagen expression and proliferation via independent cAMP effectors.19 Through FP receptor signals, PGF2α can enhance collagen synthesis in fibroblasts.23,56 

Profibrotic effects of angiotensin Ⅱ (Ang Ⅱ) and TGF-β1 can potentially through SMAD inhibition, cAMP activation of EPAC1 and PKA lowers expression of collagens Ⅰ 

and III.57 Together, ECM synthesis, fibroblast proliferation and collagen production will aggravate fibrosis.
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and related to the endothelial barrier. Once barrier integrity 
is destroyed, it is easy to lead the flooding of underlying 
tissues,30 thereby causing collagen deposition and thicken-
ing alveolar capillary spaces, aggravating the course of 
inflammation and fibrosis. Sands et al found in vitro, 
a novel PKA-independent anti-inflammatory effect of 
cAMP elevation in vascular endothelial cells, which 
involves EPAC-mediated accumulation of GTP-bound 
Rap1a, leading to the ERK-dependent up-regulation of 
Suppressor of Cytokine Signaling 3 (SOCS-3) and the 
inhibition of Signal Transducer and Activator of 
Transcription 3 (STAT3) phosphorylation.31 Another study 
demonstrated that the EPAC agonist enhanced extracellular 
signal-regulated kinase (ERK) phosphorylation in endothe-
lial cells, and in contrast, inhibition of mitogen-activated 
protein kinase/ERK kinase (MEK)/ERK signaling can 
increase the endothelial barrier stabilizing effect of the 
EPAC agonist.32 Additionally, in cell endothelial barrier 
function, after conducting EPAC stimulation experiments 
on human umbilical vein endothelial cells (HUVECs), the 
researchers found that EPAC-selective cAMP analog 8CPT- 
2Me-cAMP improves endothelial barrier function in repo-
pulated lung scaffolds.33 Similarly, after treatment with 
EPAC agonists, the barrier function of induced pluripotent 
stem cell (iPSC) derived endothelial colony forming cells is 
enhanced, and remains for at least 60 hours.33 Moreover, in 
the dynamic regulation of the endothelial barrier, cAMP in 
the sub-plasma membrane cavity acts through EPAC to 
tighten cell adhesion, and reduce thrombin-induced 
hyperpermeability.30 Therefore, EPAC could indirectly 
resist fibrosis by regulating inflammation and endothelial 
barrier dysfunction in VECs.

Lung Epithelial Cells (LECs)
In the current study of the PF disease mechanism, repeated 
injury/stress/apoptosis of LECs, subsequent abnormal 
repairs can lead the EMT and matrix accumulation, even-
tually causing IPF and loss of pulmonary function.34,35 

Within mink lung epithelial cells (Mv1Lu), EPAC1 signal 
transduction is involved in inhibiting TGF-β-dependent 
cell migration and adhesion, and endogenous TGFRI and 
EPAC1 can form a complex.36 EPAC inhibitor ESI-09 can 
cause increased stress fiber formation and junctional 
degradation on MLE-12, mouse alveolar epithelial 
cells,37 so EPAC may have a beneficial effect to help resist 
the IPF in LECs. Besides, EPAC is also involved in the 
anti-inflammatory effect of Quercetin such as inhibiting 
the release of keratinocyte-derived chemokine (KC) from 

MLE-12.38 However, in epithelial tumor cells, EPAC 
expression is increased: scientists found that EPAC plays 
a novel role in promoting PGE2-induced EMT in vitro, 
subsequent activation of β-catenin in non-small cell lung 
carcinoma (NSCLC) cells via Ezrin.39 Lim and Juhnn also 
reported that EPAC (by activating Rap1A) signaling med-
iates the ISO-induced inhibition of c-Raf and increases in 
histone deacetylase 6 (HDAC6) expression, eventually 
causing A549 cell migration.40 Although there is no direct 
evidence to support the key role in lung fibrosis, all 
this evidence suggested that EPAC may play an important 
role in regulating the function of epithelial cells.

Mesenchymal Stem Cells (MSCs)
MSCs are pluripotent stem cells and can be isolated from 
various tissues (bone marrow, blood, placenta, etc.), their 
migration, adhesion and itself contributing to myofibroblast 
formation, eventually promoting the process of PF, for 
example, lung resident perivascular GLI1+MSC-like cells 
significantly lead the myofibroblast production during bleo-
mycin-induced PF in mice.41 In the study of human MSCs 
(hMSCs), Yu et al revealed EPAC activation can enhance 
hMSC migration and adhesion via SDF-1 (stromal cell 
derived factor 1).42 Willis et al found that exosomes derived 
from MSCs can improve lung morphology and growth, 
reduce lung fibrosis and remodel pulmonary vascular.43 

These exosomes associated with apoptosis, cell growth, 
inflammation and match with miRNA in fibrosis-related 
signal transduction pathways such as Ras, Hippo and 
EPAC pathways, eventually play the role of anti- 
inflammatory, anti-fibrosis and promote the regeneration of 
bronchial stem cells in mice.44 In addition, Fujita et al found 
that in vivo, extracellular vesicles (EV) derived from MSCs 
improved lung tissue remodeling and fibrosis by inhibiting 
the inflammatory response and reducing oxidative stress.45 

Shentu et al have proved it can interact with integrin β to 
reduce the level of fibronectin and collagen III, suppress the 
differentiation from lung fibroblasts into myofibroblasts and 
finally relieve PF.46 Due to the correlation of EPAC and 
cytokines mentioned above, the EPAC-related exosomes 
and EVs derived from MSCs are the hot topics in the PF 
field and further research is on the way.

EPAC Signaling in IPF Related Immune Cells
Macrophages 
In the IPF process, different types of macrophages play 
multi-faceted roles in different phases. M2 macrophages or 
M2-like macrophages may recruit and regulate the 
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transition from inflammation to fibrosis.47 Meantime, 
macrophages secrete various cytokines (such as TGF-β; 
IGF-1; PDGF) that can promote collagen production of 
fibroblast and lead the PF when excessive secretion 
happens.48 Calcitonin gene-related peptide (CGRP) 
reduces inflammation and limits fibrosis by inducing 
cAMP/EPAC1 and cAMP/PKA pathways in vivo,47 and 
EPAC may help Quercetin suppress inflammation and 
delay the transition of inflammation to fibrosis via the 
CGRP system in macrophages. Meanwhile, the signaling 
of intracellular cAMP in macrophages, up-regulation of 
EPAC1, not PKA, can particularly suppress 
phagocytosis.49 Together, EPAC showed a protective func-
tion to help curb the fibrosis. Because the M2 macro-
phages did not express CGRP receptors, we speculated 
that the cAMP pathway may reverse the macrophage M2 
polarization process. In monocytes, activation of EPAC1 
enhances monocyte adhesion to VECs via fibronectins,50 

and the impact of monocytes can regulate inflammation 
and its transition to IPF. Therefore, macrophages also 
could be used as an entry point to cut off the correlation 
between inflammation and fibrosis.

T Cells 
T cells play different roles in different stages of PF. In the 
early stage of PF, differentiated regulatory T cell (Tregs) 
promote fibrosis by secreting the pro-fibrotic factors 
(PDGF-B, TGF-β); while in the advanced stage, blocking 
the activity of Tregs will result in the aggregation of effector 
T cells and the continuous expression of pro-fibrotic 
T effector cytokines (IL-4, IFN-γ, IL-13, IL-17, etc.), ulti-
mately aggravating PF.51,52 Previous research showed that 
in mice expressing active Rap1 in their T cell compartment 
both the thymocytes and mature T cells exhibited increased 
integrin-mediated cell adhesion, in addition, these cells 
showed enhanced T cell receptor–mediated responses.53 

Based on this result in vivo, we speculated that the increase 
in cAMP level can regulate EPAC and Rap1 to affect 
integrin-mediated cell adhesion to fibronectin. Notably, 
EPAC is particularly highly expressed in the ovary, thyroid, 
kidney, adrenal gland and brain,8,54 and it is expected that 
the cAMP–EPAC pathway leading to integrin activation 
may operate particularly in these tissues. Meanwhile, it 
has been reported that in vivo, the deletion of EPAC1 in 
T cells could increase the level of Smad7 protein, reduce the 
expression of Smad4 and inhibit the phosphorylation of 
Smad2. Consequently, CD4+ T cells were desensitized to 
TGF-β1,55 which means resistant to the fibrosis and 

inflammation. Besides, inhibition of EPAC1 leads to resis-
tance of Teff (activation and proliferation) to Treg suppres-
sion and concurrently diminishes the suppressive potency 
of the latter,55 so EPAC may have a harmful effect on 
resisting fibrosis through the immune system in the early 
stage while on the contrary for the advanced stage. In 
summary, restoring the activation of Treg cells and regulat-
ing EPAC in T cells may become a new strategy for the 
prevention and treatment of IPF.

A summary of the above seven cell types’ correlation 
with EPAC and IPF is shown in Figure 3.

Consequences of Hypothesis and 
Discussion
The discovery of EPAC enriches the role of cAMP signal-
ing and many physiological processes (anti-inflammatory, 
anti-fibrosis, regulating cell differentiation, airway remo-
deling, endothelial dysfunction, etc.). EPAC can be used to 
inhibit fibroblast proliferation through Rap1/EP2 receptors 
and work with SMAD pathways to regulate cell migration 
as a way of treatment. In addition, different subtypes of 
prostaglandins can play opposite roles in fibroblasts 
through EPAC: PGE2 can delay the development of PF, 
while PGF2α promotes it. EPAC-related pathways have 
been found in various cell types such as epithelial cells 
(decrease stress fiber formation), macrophages (delay tran-
sition to fibrosis) and endothelial cells (repair barrier dys-
function), all related to IPF. Therefore, based on the 
current references and data, EPAC can achieve anti- 
fibrosis function through the IPF-related signaling path-
ways of different cell types mentioned above. Meantime, 
the immune and inflammatory systems also play a role in 
it; we believe that this is a complex, comprehensive reg-
ulation process that is linked by multiple cells, proteins, 
cytokines and various biochemical pathways together.

Although the current research on EPAC has made pro-
gress in the field of fibrosis, but the specific cell pathways 
and pharmacological basis of Epac in IPF are still unknown. 
Meanwhile, almost presented data come from cell, and there 
is a lack of animal data and clinical data. Therefore, it is 
necessary to continue the EPAC research in IPF, and the 
conclusion also needs to be confirmed by animal model and 
clinical trials. A more systematic understanding of EPAC's 
role in IPF can help to develop diagnostic and therapeutic 
methods specifically for this type of protein as soon as 
possible, and provide a pharmacological basis for the devel-
opment of targeted drugs.

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                                

Journal of Inflammation Research 2021:14 616

Cao et al                                                                                                                                                              Dovepress

http://www.dovepress.com
http://www.dovepress.com


Abbreviations
AC, adenyl cyclase; AECs, alveolar epithelial cells; Ang II, 
angiotensin II; ASMCs, airway smooth muscle cells; ATP, 
adenosine triphosphate; cAMP, adenosine 3ʹ,5ʹ-cyclic mono-
phosphate; CGRP, calcitonin gene-related peptide; COPD, 
chronic obstructive pulmonary disease; COVID-19, 
Coronavirus disease 2019; CREB, cAMP response element- 
binding protein; ECM, extracellular matrix; ECs, endothelial 
cells; EMT, epithelial–mesenchymal transition; EndoMT, 
endothelial–mesenchymal transition; EP2, E prostanoid 2; 
EPAC, Exchange Protein directly Activated by cAMP; ERK, 
extracellular signal-regulated kinase; EV, extracellular vesi-
cles; FP, prostaglandin F receptor; GEF, guanine nucleotide 
exchange factor; GFP, green fluorescent protein; GTPase, 

guanosine triphosphatase; Gαs, stimulatory G protein-α; 
HDAC6, histone deacetylase 6; HUVECs, human umbilical 
vein endothelial cells; IFN-γ, interferon-γ; IGF-1, insulin-like 
growth factor-1; IL, interleukin; IP, prostacyclin receptor; IPF, 
idiopathic pulmonary fibrosis; KC, keratinocyte-derived che-
mokine; LPA, lysophosphatidic acid; MEK, mitogen-activated 
protein kinase/ERK kinase; MLE12, murine lung epithelial 
12; MSCs, mesenchymal stem cells; MYPT1, myosin phos-
phatase targeting subunit; NSCLC, non-small cell lung carci-
noma; PDGF, platelet derived growth factor; PF, pulmonary 
fibrosis; PGE2, prostaglandin E2; PGF2α, prostaglandin F2α; 
PKA, cAMP-dependent protein kinase; PKC-δ, protein kinase 
C-δ; PKG, cyclic GMP-dependent protein kinase; Rac, ras- 
related C3 botulinum toxin substrate; Rap, repressor/activator 

Figure 3 Pathways and function of EPAC related to fibrosis in different cell types (fibroblast; airway smooth muscle cell; endothelial cell; epithelium 
cell; macrophage; mesenchymal stem cell; T cell). ↑ means increase or up-regulated; ↓ means decrease or down-regulated.
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site-binding protein; Rho-ROCK, Ras homolog gene/a Rho- 
associated coiled coil-forming protein kinase; SDF-1, stromal 
cell derived factor 1; shRNA, short hairpin RNA; SMAD, 
Drosophila mothers against decapentaplegic; SOCS-3, 
Suppressor of Cytokine Signaling 3; STAT3, Signal 
Transducer and Activator of Transcription 3; TGF-β, trans-
forming growth factor-β; TNF, tumor necrosis factor; Treg, 
regulatory T cell; USA, United States of America; α-SMA, α- 
smooth muscle actin.
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