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A B S T R A C T   

Chronic pain usually lasts over three months and commonly occurs in chronic diseases (cancer, arthritis, and 
diabetes), injuries (herniated discs, torn ligaments), and many major pain disorders (neuropathic pain, fibro-
myalgia, chronic headaches). Unfortunately, there is currently a lack of effective treatments to help people with 
chronic pain to achieve complete relief. Therefore,it is particularly important to understand the mechanism of 
chronic pain and find new therapeutic targets. The exchange protein directly activated by cyclic adenosine 
monophosphate(cAMP) (EPAC) has been recognized for its functions in nerve regeneration, stimulating insulin 
release, controlling vascular pressure, and controlling other metabolic activities. In recent years, many studies 
have found that the subtype of EPAC, EPAC1 is involved in the regulation of neuroinflammation and plays a 
crucial role in the regulation of pain, which is expected to become a new therapeutic target for chronic pain. This 
article reviews the major contributions of EPAC1 in chronic pain.   

1. Introduction 

Pain is defined as unpleasant feelings and emotional experiences 
caused by tissue damage or potential tissue damage. It can be classified 
as physiological (acute) or pathological (chronic) pain [1]. Chronic pain 
usually lasts over three months and is seen in chronic diseases (cancer, 
arthritis, and diabetes), injuries (herniated discs, torn ligaments), and 
many major pain disorders (neuropathic pain, fibromyalgia, chronic 
headaches) [2]. Chronic pain seriously affects the quality of life of pa-
tients, not only brining physical pain to patients but also increasing the 
financial burden on patients’ families [3]. Unfortunately, as the mech-
anisms of chronic pain are complex and varied, there is currently a lack 
of effective treatments to help people with chronic pain achieve com-
plete relief. Therefore, it is particularly significant to understand the 
mechanism of chronic pain and find new therapeutic targets. 

EPAC directly activated by cAMP is a guanine nucleotide exchange 
factor of Ras-like (rat sarcoma, Ras) small GTPase, which can function 
independently of protein kinase A (PKA), a downstream effector of the 
second messenger cAMP [4]. EPAC1 has been recognized for its func-
tions in nerve regeneration, stimulating insulin release, controlling 
vascular pressure, and controlling other metabolic activities [5–7]. 
Upregulation of EPAC1 expression is commonly associated with 

hypersensitivity of nociceptive neurons and hyperalgesia [8] which has 
been validated in many pain models such as the complete Freund’s 
adjuvant (CFA)model, the chronic constriction model and diabetic 
neuropathy [9–12]. EPAC has been studied in many chronic pain con-
ditions. Activation of EPAC1 in postsurgical pain may induce local 
postoperative recovery processes and may be an important mechanism 
for controlling chronic postoperative pain [13]. Modulation of persistent 
postoperative pain in rats via the EPAC1/PKC-betaII (protein kinase C, 
PKC) pathway has been shown in a postoperative tonic pain model [14]. 
Furthermore, EPAC1 may act synergistically with other anesthetic drugs 
such as propofol to co-regulate the spinal GluN2B-p38MAPK pathway to 
alleviate postoperative pain in animal models of postoperative pain 
[15]. In chronic inflammatory pain caused by disease, EPAC1 and the 
associated cAMP pathway also play a key role. Tim B et al. have 
demonstrated that EPAC act as pivotal regulators in the onset and/or 
maintenance of pain caused by inflammation and injury in rats [16]. 
Chronic pain caused by diabetes was significantly alleviated by reducing 
the expression of EPAC1 and following activated G protein coupled re-
ceptor kinase 2 (GRK2) which has been studied in rats [17]. Berkey and 
colleagues found that in rats, EPAC1 and downstream regulators play a 
role in pain relief in bone cancer pain [18]. Since then, the role of EPAC1 
in pain has been gradually discovered thus implies the significance of 
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the regulation of EPAC1 for the prevention and treatment of chronic 
pain [19]. 

In this review, we focus on the regulatory mechanisms of EPAC1 in 
chronic pain, highlighting their potential as a therapeutic target and 
diagnostic tool. 

2. Structural characteristics and function of EPAC1 in the 
nervous system 

2.1. Structure of EPAC 

EPAC includes two subunits, EPAC1 and EPAC2, encoded by RAP-
GEF3 and RAPGEF4, respectively. EPAC, a multi-domain protein, con-
tains an N-terminal regulatory region and a C-terminal catalytic region. 
The regulatory region is responsible for the subcellular localization of 
EPAC and contains a cyclic nucleotide binding (CNB) domain and the 
dishevelled–EGL–pleckstrin homology (DEP) domain for localization. 
EPAC2A has an additional CNB domain at the N-terminal while EPAC2C 
is lack of DEP domain. The catalytic region is composed of the Ras ex-
change motif (REM), Ras-associated (RA) domain, and CDC25 homology 
domain (CDC25HD) [20] (Fig. 1a). Unbound EPAC (apo) is inactive, 
CNB covers the CDC25HD domain, and when cAMP binds, CDC25HD is 
exposed, and cytoplasmic EPAC is rapidly translocated to the plasma 
membrane, activating Ras-like small GTPase, causing a series of bio-
logical effects [21–23](Fig. 1b). 

2.2. Function of EPAC1 in the nervous system 

The expression of EPAC in the central nervous system of rats has been 
found to be regulated by development. EPAC1 is significantly expressed 
in the embryo and newborn period, and significantly decreased in the 
adult period, while EPAC2 is actively expressed in the adult period in 

rats [24]. EPAC is involved in many processes both inside and outside 
the nervous system, including the stabilization of the blood-brain bar-
rier, axon guidance and regeneration, learning and memory, and neu-
roinflammation [25–29]. EPAC1 contributes to the protection of the 
blood-brain barrier. Nikolaos Kakogiannos et al. showed that activa-
tion of EPAC helps to strengthen endothelial barrier function. The 
immunoglobulin superfamily protein JAM-A promotes the activation 
and ligand localization of the small GTPase Rap-1 (Ras-related 
protein-1) through sustained expression of EPAC-1 and EPAC2 which in 
turn enhance endothelial barrier function, and can ameliorate 
blood-brain barrier breakdown after ischemia-reperfusion injury by 
EPAC-Rap-1 and other pathways in mice [28,30,31]. EPAC also plays an 
important role in neuroprotection and regeneration. The activation of 
EPAC is similar to that of cAMP agonists in mediating cAMP-dependent 
axon growth and regeneration in rat dorsal root ganglion (DRG) neurons 
[32]. EPAC knockdown can inhibit the growth-promoting effect of 
cAMP on axon regeneration [32,33]. However, the relative contribution 
of EPAC and PKA to axon guidance remains to be explored. EPAC is a 
negative regulator of myelination and is expected to be a therapeutic 
target for myelin-related diseases [27,34]. EPAC also takes part in mood 
regulation and may play a key role in combating pathological states such 
as anxiety and depression [35,36]. Moreover, EPAC1 has the potential to 
relieve neuroinflammation that commonly contributes to pain hyper-
sensitivity [37]. Monoamine oxidase B inhibitors reduce the expression 
of lipopolysaccharide(LPS)-induced proinflammatory factors by acting 
on the cAMP-PKA/EPAC signaling cascade, indicating the potential of 
EPAC to combat inflammation in a cervical epithelial cell line [38]. 
Inhibition of EPAC1 in hippocampal neurons can reduce mitochondrial 
superoxide levels, and block iron oxidation, thereby preventing peroxide 
damage to the brain [39], and relieving hippocampal neuro-
inflammation. Studies of EPAC-related pathways provide a therapeutic 
direction for the treatment of neuroinflammation-related pain. 

Fig. 1. Structure of EPAC  
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3. EPAC1 is involved in chronic pain 

3.1. Effects of EPAC1 on glial cells during pain 

Glial cells in the nervous system provide nutritional support for 
neurons, wrap axons, and play an important role in the development and 
physiological function of the nervous system [40,41]. A large number of 
studies have shown that glial cells play an important role in the injury of 
the central nervous system, which will cause changes in morphology and 
microenvironment, secrete cytokines and inflammatory factors, and 
play an important role in the generation of chronic pain [41]. On top of 
that, it has been confirmed that peripheral glial cells play an important 
role in nociceptive information transmission as they are in response to 
nociceptive stimuli earlier than central glia and secrete inflammatory 
factors to push for further reaction [42,43]. 

3.1.1. Effects of EPAC1 on astrocytes 
It is well known that activation of the astrocytes is closely related to 

pain. The chemotherapy-induced peripheral neuropathy (CIPN) is a 
major side effect of cancer treatment and can trigger neuro-
inflammation, producing intense pain that can seriously affect treatment 
effectiveness and patients’ quality of life. Singhmar et al. found that 
EPAC1 knockout protected male and female mice from the effects of 
paclitaxel-induced mechanical allodynia, and pretreatment of EPAC 
competitive inhibitor, ESI-09 strongly inhibited the degree of mechan-
ical allodynia. The chemotherapy drug paclitaxel causes sustained 
activation of stellar cells in normal mice, and ESI-09 normalizes the 
paclitaxel-induced overexpression of GFAP, a spinal cord stellar cell 
marker, which is not observed in EPAC1-deficient mice. In vitro cell 
experiments, cell-specific loss of EPAC1 in NaV1.8+ neurons also pre-
vented paclitaxel from activating astrocytes. The high-frequency spon-
taneous discharge of DRG neurons induced by paclitaxel was inhibited 
by simultaneous administration of EPAC1 antagonist. In summary, 
EPAC1 inhibits astrocyte activation that induced by chemotherapy 
drugs and is expected to be a new target for treating CIPN [44]. 

3.1.2. Effects of EPAC1 on schwann cells 
Schwann cells (SCs) are glial cells of the peripheral nervous system 

that form myelin sheaths, support axon integrity, and are essential for 
the function of neurons [45]. Paclitaxel induces the dedifferentiation of 
SCs and destroys their myelin formation ability, which may be closely 
related to the occurrence of CIPN. Phosphodiesterase 3 (PDE3) inhibitor 
cilostazol inhibited the degradation of cAMP accounting for increasing 
concentration of intracellular cAMP and the expression of myelin basic 
molecule, MBP meanwhile decreased the expression of low-affinity 
nerve growth factor p75, which contributed to the differentiation of 
SCs in mice. The effect of PDE3 on MBP and p75 can be inhibited by 
ESI-09. It can be concluded that cilostazol induces SCs differentiation by 
activating cAMP/EPAC signals and restrains CIPN caused by paclitaxel 
[46]. 

3.1.3. EPAC1 mediates pain through DRG neurons 
DRG is susceptible to chemokines and leukocyte infiltration, thereby 

increasing the excitability of nociceptors, which promotes the occur-
rence and development of allodynia and hyperalgesia in DRG [47,48]. 
EPAC1 signaling pathways can enhance the excitability of receptive 
neurons in DRG. EPAC1-related PKC signaling can be activated by 
prostaglandin E2 (PGE2) receptor to enhance the hypersensitivity of 
nociceptors in DRG [49,50]. EPAC1 also can enhance capsaicin-induced 
secretion of calcitonin gene-related peptide from DRG neurons and 
activate EPAC/PKC signaling that enhances pain and ionic current 
induced by inflammatory response mediated by transient receptor po-
tential vanilloid type 1 (TRPV1) in mouse and rat DRG [51,52]. More-
over, studies have confirmed that the expression level of EPAC1 may be 
the key to the transition from acute pain to chronic pain that occurs in 
DRG. In a glial cell-derived neurotrophic factor(GDNF)-induced mouse 

model of acute pain, inhibiting EPAC1 or increasing the GRK2 protein 
prevented this transition process [53]. Therefore, inhibition of the 
expression level of EPAC1 and its related pathways can affect sensory 
neurons and receptors in DRG and impact on pain processing. 

3.2. Regulates key protein kinase of EPAC1 

Protein kinases are involved in various physiological processes and 
signaling pathways in vivo, and conventional protein kinases are 
divided into eight groups based on sequence and functional homology 
[54]. As reviewed by Han in 2012, among the potential targets involved 
in the physiological pathology of pain, various protein kinases, such as 
PKA, PKC, and mitogen-activated protein kinase (MAPK), have now 
been identified as being associated with pain [55]. Several recent studies 
have shown that the interaction of EPAC1 with various protein kinases 
plays an important role in the occurrence and development of chronic 
pain. 

3.2.1. PKA 
PKA is responsible for the phosphorylation of many proteins, such as 

receptors, ion channels, transcription factors, etc., thereby regulating 
the biological activity response and balance in cells. A large number of 
studies have shown that PKA is involved in hyperalgesia [56]. cAMP acts 
as a secondary messenger for various physiological processes in the 
body, regulating cellular metabolism by activating PKA and targeting 
EPAC [57,58]. Both of them are cAMP sensors that mediate the cAMP 
response and can be activated individually or simultaneously. cAMP 
signaling has long been recognized as a major pathway for sensitization 
of nociceptors [59]. Therefore, in many pain responses, PKA and EPAC1 
play a role together, and the two interact and act on other pathways, 
such as N-methyl-D-aspartic acid receptor (NMDAR). Latent sensitization 
is a sustainable form of sensitization mediated by adenylate cyclase (AC) 
and NMDA receptors that continues to function after the initial hyper-
algesia subsides, contributing to the transition from acute pain to 
chronic pain. Peripheral inflammation can cause cAMP-dependent 
latent sensitization in the spinal cord, enhancing the severity and 
duration of pain. Further exploration of the cellular and molecular 
mechanisms of latent sensitization will help to deepen the understand-
ing of chronic pain [60]. Studies have shown that EPAC is implicated in 
pain sensitization after inflammation or injury [61–63]. The neuro-
peptide tyrosine (NPY) and NPY Y1 receptor (Y1R) signaling cascade 
(called the NPY-Y1R axis) has an endogenous inhibitory effect on latent 
sensitization, and activation of this pathway can maintain pain relief. 
Activation of PKA and EPAC can increase the expression of dorsal horn 
pERK, a marker of central sensitization in persistent pain models in 
mice. The NPY-Y1R axis can maintain pain relief by inhibiting PKA and 
EPAC1/2 [64]. The drive of inflammation to latent sensitization can be 
realized through the NMDAR-AC1-EPAC1/2 pathway, and animal ex-
periments have shown that compared with the NMDAR-AC1-PKA 
pathway, which only plays a role in latent sensitization of spinal dor-
sal horn in males, the former has no gender difference [64,65]. 

3.2.2. PKCε 
PKC is a family of serine/threonine kinases consisting of 19 different 

isoenzymes divided into three subfamilies [66]. Among them, the ε 
isoform of protein kinase C, PKCε subtype is only found in the presyn-
aptic terminal protein kinase of the small and medium DRG neuronal 
bodies and the traumatic neurons in the dorsal angle and has been found 
to play a role in inflammatory pain, neuropathic pain, and the transition 
from acute to chronic pain in mice and rats [67–69]. PKCε-specific in-
hibitors inhibited mechanical hyperalgesia induced by an EPAC-specific 
activator, the cAMP analog 8-(4-chlorophenylthio)-2′-O-methyl-cAMP 
(CPTOMe) in rats. EPAC was involved in epinephrin-induced 
PKCε-mediated hyperalgesia through the translocation and activation 
of PKCε mediated by phospholipase C (PLC) and PLD. The crosstalk 
between EPAC and PKCε is specific to small-diameter injury-inducing 
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neurons with isolectin B4(+) positive [IB4(+)], providing a novel 
cellular and molecular mechanism for therapeutic breakthroughs in 
inflammatory pain [70]. Wang et al. found that pretreatment of ESI-09 
can reduce the expression of chronic morphine-induced purinergic re-
ceptor P2X3 (the main receptor for nociceptive information processing 
in DRG) and the phosphorylation of PKCε, showing anti-nociceptive 
tolerance against morphine induction in behavior of rats [71]. 
EPAC-dependent PKC activity has also been demonstrated in cell ex-
periments in vitro, contributing to further understanding of the role of 
EPAC and PKCε crosstalk in chronic pain induced by nociceptor sensi-
tization [72]. 

3.2.3. MAPK p38 ERK 
The mitogen-activated protein kinase (MAPK) path has four main 

branches: ERK, JNK, p38 and ERK5. In a model of chronic postoperative 
pain (CPSP) established by plantar incisions, EPAC has been shown to 
maintain the activation of nociceptive receptors that cause the transition 
from acute pain to chronic pain. Pretreatment with ESI-09 significantly 
alleviated the duration and extent of persistent positive hypersensitivity 
induced by PGE. The mechanical hypersensitivity reaction time of rats 
pretreated with ESI-09 and p38 MAPK inhibitor, FR167653 was signif-
icantly shortened, and FR167653 greatly reduced the expression of 
EPAC1 in DRG caused by plantar incision injury. It is concluded that the 
increase of neuronal EPAC expression driven by p38MAPK activation is 
a key component leading to long-term nociceptive hypersensitivity after 
plantar incision. Therefore, the p38MAPK/EPAC pathway is a promising 
target for preventing the transition from acute pain to chronic pain [73]. 
A recent study on the reduction of postoperative hypersensitivity to pain 
with propofol in rats found that, compared with inhalation of isoflurane, 
propofol reduced postoperative hypersensitivity to pain by inhibiting 
the expression of phosphorylated GluN2B(p-GluN2B) in the spinal cord 
induced by plantar incision and the activity of its downstream molecule 
p38MAPK/EPAC1 pathway. The role of EPAC1 in pain provides a new 
idea for better understanding the mechanism of adjuvant drug use under 
general anesthesia [15]. 

3.2.4. GRK2 
GRK2 is involved in the regulation of inflammatory hyperalgesia by 

influencing duration and severity [74,75]. Wang et al. found that mice 
with low GRK2 had significantly prolonged mechanical hyperalgesia 
after treatment with PGE and other cAMP inducers, and the interaction 
between EPAC1 and GRK2 could inhibit the downstream signal trans-
duction of EPAC [53,76,77]. In recent studies, it has been shown that the 
initiation of hyperalgesia due to PGE in mice can be inhibited by sub-
sequent up-regulation of GRK2 or down-regulation of EPAC1. The 
imbalance between EPAC1 and GRK2 is closely related to the prolon-
gation of hyperalgesia, and maintaining the balance between EPAC1 and 
GRK2 provides a new idea for the prevention and treatment of chronic 
pain [78]. Pooja et al. further explored the mechanism by which GRK2 
controls EPAC1-mediated pain signaling in the mouse CFA model, 
finding that GRK2 mediates the phosphorylation of Ser-108 in EPAC1 to 
the serine/threonine or tyrosine residue of the hydroxyl transferase of 
the target protein, leading to regulation of the activity of EPAC1 [79]. 

3.3. Ion channel 

Ion channels and transporters are key mediators of nociceptive pain. 
We provide updated information on ion channels that may be involved 
in mediating nociceptive pathways associated with EPAC1-mediated 
chronic pain, including Piezo channel 2(Piezo2),caveolin-1(Cav-1), 
transient receptor potential (TRP) channel, and purinergic receptor 
complexes [80]. 

3.3.1. EPAC1-Piezo2 
Piezo2 has been identified in recent studies as an ion channel 

involved in mechanical hyperalgesia and abnormal pain, such as 

osteoarthritis [81] and visceral hypersensitivity [82]. Eijkelkamp et al. 
used L5 spinal nerve ligation (SNL) to establish a model of chronic 
neuropathic pain in which EPAC1 knockout mice experienced signifi-
cant relief from abnormal pain compared to wild-type mice. The 
EPAC-specific agonist, 8-pCPT enhances Piezo2-mediated mechanical 
transduction in low-threshold mechanosensitive sensory neurons in 
cells, thereby promoting the development of abnormal pain, but 
whether EPAC1 directly or indirectly acts on Piezo2 remains to be 
further explored. Studies have shown that the EPAC1-Piezo2 axis is an 
important regulator of abnormal pain and a promising target for the 
treatment of neuropathic pain [83]. 

3.3.2. EPAC1-Cav1 
In a rat model of CPSP established by plantar incisions, EPAC has 

been shown to maintain the activation of nociceptive receptors that 
cause the transition from acute pain to chronic pain. Hua et al. found 
that blocking EPAC1 can reverse CPSP induced by the Skin/Muscle 
Incision and Retraction (SMIR) model by inhibiting the overexpression 
of Cav-1 [84]. Cav-1 has been shown to regulate cellular endocytosis and 
vesicular transport, contributing to hippocampal synapses and neuro-
plasticity in mice [85]. Previous studies have found that Cav-1 expres-
sion in the spinal cord is consistently upregulated and promotes 
mechanical hyperalgesia in rats with nerve injury [86]. Therefore, it can 
be inferred that EPAC1-Cav1 is a possible mechanism of CPSP. Inhibi-
tion of EPAC1 has also been shown to alleviate CPSP by inhibiting 
astrocyte activation [87]. 

3.3.3. TRPA1-AC1-EPAC 
Diabetic peripheral neuropathic pain (DPNP) is associated with 

increased methylethylene glycol (MG) levels and decreased expression 
and activity of the major MG detoxification enzyme glyoxal-1 (GLO1) 
[88]. Studies have shown that intrathecal injection of AC inhibitor, 
SQ22536 can alleviate mechanical hyperalgesia and thermal sensitivity 
in type 2 diabetic rats [89]. Ryan B and colleagues established a db/db 
mouse model of type 2 diabetes in which intrathecal administration of 
transient receptor potential A1(TRPA1), AC1, and EPAC1/2 inhibitors 
reversed MG-induced mechanical hypersensitivity and thermal sensi-
tivity. The role of spinal cord TRPA1-AC1-EPAC cascade in neuropathic 
pain induced by type 2 diabetes was determined [90]. 

3.3.4. P2Rs-cAMP-EPAC1 
Luo and colleagues found that the cAMP-EPAC1 signaling pathway is 

activated after chronic compression of the trigeminal nerve root in rats, 
and nerve injury releases adenosine-triphosphate (ATP) to activate 
purinergic 2 receptors (P2Rs) and cAMP pathway on the cell membrane, 
both of which can participate in the transduction of pain signals [91,92]. 

3.4. Mitochondrial dysfunction 

cAMP is a major regulator of mitochondrial metabolism, and its 
benefits are reflected in many aspects, including but not limited to, 
protecting the liver from the liver toxicity of some drugs [93], regulating 
pain response [94], and inhibiting tumor growth [95]. The potential 
contribution of mitochondrial dysfunction in hyperalgesia has aroused 
strong interest of researchers [54–56]. cAMP-mediated activation of 
EPAC1 contributes to translocation of EPAC1 to the plasma membrane 
and activation of Rap1 and other downstream [16,96]. Activated PKCε 
translocates to mitochondria where it reduces complex I respiration and 
Na+-K+-ATPase activity, which may lead to mitochondrial insufficiency 
[97]. In addition, EPAC1-Rap1 signaling can maintain homeostasis of 
mitochondrial dynamics and inhibit mitochondria-mediated apoptosis 
by regulating the expression of mitochondrial fission protein, Drp1 and 
mitochondrial fusion-related protein, MFN2. Another study demon-
strated that the protective effect of EPAC1-deficient mice against 
paclitaxel-induced mechanical pain may be related to the preservation 
of mitochondrial function in mice [44]. Inhibition of EPAC1 may be a 
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potentially effective therapeutic strategy for the prevention and treat-
ment of pre-existing paclitaxel-induced neuropathy, however the spe-
cific mechanism by which EPAC1 activation leads to mitochondrial 
defects, and whether there is a cAMP-dependent mechanism, remains to 
be determined. 

3.5. Mechanism of endothelial permeability 

EPAC1 can partially control cell adhesion and regulate the endo-
thelial permeability barrier under injury, and plays a role in maintaining 
endothelial integrity and permeability [98,99]. Pan and colleagues have 
shown that macrophages and endothelial cells are functionally coupled 
through EPAC1-P120 and can reshape nociceptors through macro-
phages, endothelial cells and their side pathways in inflammation and 
microenvironment in rat postoperative chronic pain models which may 
be a key step in the transition of acute pain to CPSP [100]. To evaluate 
the expression of P120 and EPAC1 in the muscle tissue around the 
incision may be used as markers of CPSP. 

4. Conclusion 

Since the 1980s, the research of EPAC protein has made a lot of 
progress, but there are still many deficiencies in the aspects of pain, 
especially chronic pain. Changes in signaling pathways and molecular 
mechanisms involved in the activation of EPAC1 such as protein kinase 
and Ion channel play an integral role in the progression and mainte-
nance of chronic pain (Fig. 2). However, more relationships with glial 
cells remain to be explored, and the interaction between EPAC and 
mitochondria in pain also remain unclear. Elucidating the underlying 
mechanism of EPAC1 activation is of great significance to the research 
and treatment of chronic pain management in the world. Currently, it is 
particularly important for entirely new targeted pain treatments after an 
over-reliance on opioids. It is believed that there will be greater break-
throughs in the research progress of EPAC1 in chronic pain, making it a 
new intervention for the treatment of chronic pain. 
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Abbreviations 

EPAC the exchange protein directly activated by Camp 
cAMP cyclic adenosine monophosphate 
Ras rat sarcoma 
PKA protein kinase A 
CFA complete Freund’s adjuvant 
PKC protein kinase C 
GRK2 G protein coupled receptor kinase 2 () 
CNB cyclic nucleotide binding 
DEP dishevelled–EGL–pleckstrin homology domain 
REM Ras exchange motif 
RA Ras-associated 
CDC25HD CDC25 homology domain 
apo unbound EPAC 
Rap-1 Ras-related protein-1 
DRG dorsal root ganglion 
LPS lipopolysaccharide 
CIPN chemotherapy-induced peripheral neuropathy 
SCs Schwann cells 
PDE3 phosphodiesterase 3 
PGE2 prostaglandin E2 
TRPV1 transient receptor potential vanilloid type 1 
GDNF glial cell-derived neurotrophic factor 
MAPK mitogen-activated protein kinase 
NMDAR N-methyl-D-aspartic acid receptor 

Fig. 2. The potential mechanism of EPAC1 pathway in chronic pain development.  

C. Jiang et al.                                                                                                                                                                                                                                    



Biochemistry and Biophysics Reports 37 (2024) 101645

6

AC adenylate cyclase 
NPY neuropeptide tyrosine 
Y1R NPY Y1 receptor 
CPTOMe the cAMP analog 8-(4-chlorophenylthio)-2′-O-methyl-cAMP 
PLC phospholipase C 
PLD phospholipase D 
IB4 isolectin B4 
MAPK mitogen-activated protein kinase 
CPSP chronic postoperative pain 
p-GluN2B phosphorylated GluN2B 
Piezo2 Piezo channel 2 
Cav-1 caveolin-1 
TRPA1 transient receptor potential A1 
SNL spinal nerve ligation 
SMIR Skin/Muscle Incision and Retraction 
DPNP diabetic peripheral neuropathic pain 
MG methylethylene glycol 
GLO1 glyoxal-1 
ATP adenosine-triphosphate 
P2Rs purinergic 2 receptors 
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