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Physical and emotional pain deteriorates the quality of well-being. Also, numerous non-invasive and invasive
treatments for diagnosed diseases such as cancer medications and surgical procedures cause various types of
pain. Despite the multidisciplinary approaches available to manage pain, the unmet needs for medication with
minimal side effects are substantial. Especially with the surge of opioid crisis during the last decades, non-opioid

Pain . . . . - s 1s1s .. .
Antinociception analgesics may reduce life-threatening overdosing and addictive liability. Although many clinical trials sup-
Opioid ported the potential potency of cannabis and cannabidiol (CBD) in pain management or treatment, the long-term

benefits of cannabis or CBD are still not evident. At the same time, growing evidence shows the risk of overusing
cannabis and CBD. Therefore, it is urgent to develop novel analgesic medications that minimize side effects. All
four well-identified adenosine receptors, Aj, Ajs, Agp, and Ag, are implicated in pain. Recently, a report
demonstrated that an adenosine A;R-specific positive allosteric modulator (PAM) is a potent analgesic without
noticeable side effects. Also, several AsR agonists are being considered as promising analgesic agent. However,
the importance of adenosine in pain is relatively underestimated. To help readers understand, first, we will
summarize the historical perspective of the adenosine system in preclinical and clinical studies. Then, we will
discuss possible interactions of adenosine and opioids or the cannabis system focusing on pain. Overall, this

review will provide the potential role of adenosine and adenosine receptors in pain treatment.

1. Introduction

Adenosine (ADO) is a purine nucleoside and a ubiquitous endoge-
nous neurotransmitter (Dunwiddie and Masino, 2001). ADO exerts a
function through four G protein-coupled adenosine receptors (ARs),
A1R, A2AR, A2BR, and A3 R, which had been cloned since the early
1990s and characterized pharmacologically with completed nomencla-
ture in 2001 (Fredholm et al., 2001; Klinger et al., 2002; Mahan et al.,
1991; Meng et al., 1994; Sajjadi and Firestein, 1993; Stehle et al., 1992).
These receptors are widely distributed in the human body. Therefore,
ADO also becomes a ubiquitous extracellular signaling molecule, and
thus serves as a diverse pharmacological target, paradoxically, which is
why it is difficult to achieve the pharmacological target (Borea et al.,
2016). So, there are still a few ADO-related drugs used in clinical
practice: ADO, theophylline, and istradefylline. Of note, ADO as A;R and
AoaR agonist is well-known medicine in clinical practice as a treatment
for paroxysmal supraventricular tachycardia, theophylline is an AjR
antagonist and is usually prescribed for asthma patients, and recently

approved istradefylline is an ApaR antagonist which compensates the
dopamine-off symptoms in Parkinson’s disease (Borea et al., 2018;
Shang et al., 2021). ADO is mainly metabolized from ATP intracellularly
and extracellularly. Also, ADO can be a precursor for ATP synthesis.
Thus, ADO levels and function are closely related to energy homeostasis
(Lindberg et al., 2015).

In 1927, Drury and Szent-Gyorgyi noticed that the heart rate slowed
by intravenous (IV) administration of a substance extracted from cardiac
tissue (Drury and Szent-Gyorgyi, 1929). After then it took nearly 50
years until ADO was chosen for arrhythmias in clinical practice.
Although the exact time when ADO was recognized as being related to
pain is not known, many studies have been conducted to confirm the
role of ADO in antinociception in the 1980 s. With the advent of many
pharmacological ligands targeting ARs, ADO and agonists of ARs
emerged as novel analgesics through substantial preclinical studies until
the end of the 1990 s. However, despite the potential utility of ADO and
ARs agonists in pain treatment, no subsequent clinical studies were
available. Since the 2000 s, pain-related ADO studies moved to target
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every four types of ARs, but studies centered only on ADO itself as
analgesia until recently. For example, in 2020, a pilot study of intra-
thecal (IT) ADO injection to patients with neuropathic pain demon-
strated that the effect of acupuncture was due to the elevation of ADO
levels (Aghamohammadi et al., 2020; Takano et al., 2012). Recently,
amid legalizing the medical and recreational use of cannabis and CBD,
several studies showed a pharmacological interaction between ADO
with opioids and cannabis in pain. We summarized the milestone of
pain-related ADO studies over time in Fig. 1. AjR is recognized as the
most promising pharmacological target as a non-opioid analgesic among
many candidates. Especially, a very recent study discovered that a novel
positive allosteric modulator (PAM) of A;R exhibits analgesic effects
without notable side effects in rats (Draper-Joyce et al., 2021). This
review will update the development of pain-related ADO studies and
discuss the possibility of developing ARs targeting agents as new anal-
gesics in the future.

2. Recognizing that adenosine is involved in pain mechanisms

ADO has been implicated in inflammatory events and is thought to
play a role in stressful events in the periphery and central nervous sys-
tem (Hasko and Cronstein, 2004). The pain usually accompanies
inflammation which raises the question of how ADO can be involved in
pain management. Despite the low extracellular concentration of ADO,
it can be dramatically increased in response to stressful situations and
cellular damage events (Cronstein, 1994; Hasko and Cronstein, 2013). In
basal conditions, it has been shown that the extracellular concentration
of ADO can be as low as 1 uM because of rapid metabolism and uptake.
However, in stressful and inflammatory conditions like sepsis and
rheumatoid arthritis, ADO levels can reach up to 100 uM (Martin et al.,
2000; Sottofattori et al., 2001). In other conditions of stress like
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epilepsy, pain, and inflammation, ADO levels are also found to be
altered (Borea et al., 2016). A litany of literature reported that admin-
istration of ADO analogs either spinally or systemically has been asso-
ciated with decreased pain perception in response to aversive and
painful stimuli. For example, Sumida et al have demonstrated that
administration of ADO analog R(-)N6-(2-phenylisopropyl) adenosine (R-
PIA) on spinal dorsal horn neurons in the context of noxious heating on
the hind paw was associated with decreased pain perception (Sumida
et al., 1998).

Similarly, another experiment that utilized a chronic central pain rat
model induced spinal cord injury photochemically via laser irradiation.
The rat model exhibited chronic allodynia like-behavior. In the Von Frey
test, they then administered ADO analog intrathecally, which decreased
mechanical and cold allodynia-like symptoms for up to 5 h post-
injection. To further confirm the effect of ADO, they administered
ADO antagonist theophylline which reversed the pain-alleviating effect
of ADO (Sjolund et al., 1998). With these findings, ADO plays an
essential role in pain and nociception. However, it is critical to under-
stand that ADO conducts its actions via four ARs (Klotz, 2000). There-
fore, it is imperative to understand the unique effect of ADO on each of
these receptors.

3. Identification of the role of adenosine in nociception
3.1. AR

Around the 1970s, that agonism of the AR receptor premiered as a
pain-alleviating target mainly in preclinical models of neuropathic pain
and inflammation exhibiting allodynia or hyperalgesia (Sawynok,
2016). Compared to other AR subtypes, A1R possesses a relatively high
affinity for ADO (ECsp, 0.31 pM), with numerous studies suggesting that

History of adenosine and ligands for adenosine receptors as analgesic medications
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large portions of the function of ADO within the brain are mediated
through the A;R (Fredholm et al., 2001). A4R is signaling through Giq/0
and is expressed in many tissues, including the brain (Dunwiddie and
Masino, 2001), with its stimulation leading to the inhibition of adenylyl
cyclase (AC) and thereby reducing cyclic adenosine monophosphate
(cAMP) production (Burnstock, 2008; Fredholm et al., 2005), an
important secondary messenger involved in numerous biological func-
tions. Reduced cAMP produced from AjR stimulation inhibits cAMP-
dependent protein kinase A (PKA) in neurons thereby modulating neu-
ropeptide and neurotransmitter release (Yabuuchi et al., 2006). In
addition, the dissociation of the Ga-subunit from heterotrimeric G-pro-
tein in response to the stimulation of the AjR also engages the phos-
pholipase C (PLC) pathway through the release of Gy dimers in specific
cell types (Biber et al., 1997). Simply, activation of the AR decreases the
AC-cAMP-PKA signaling cascade while synergistically potentiating the
PLC signaling cascade (Biber et al., 1997). Within the periphery, AR are
localized on sensory nerve endings within the dorsal horn of the spinal
cord and specific supraspinal locales within the pain signaling neuraxis
(Fredholm et al., 2001; Katz et al., 2015). More specifically, A;R in the
spinal cord is distributed along with postsynaptic neuronal cell bodies
and processes of the dorsal superficial layers (lamina II), an area
important for ADO signaling and an area highly involved in ADO pro-
duction (Yamaoka et al., 2013).

Interestingly, Goldman et al. highlighted that the antinociceptive
effects of acupuncture are mediated through the A;R (Goldman et al.,
2010; Zylka, 2010). When the investigators stimulated the Zusanli point
(located superficial to the peroneal nerve innervating the hind paw)
with acupuncture needles, a large and localized release of adenine nu-
cleotides and ADO occurred (Goldman et al., 2010; Zylka, 2010; Zylka,
2011). To further determine whether activation of the A;R induces pain
relief in acupuncture, Goldman et al. induced chronic pain through
sensitization of the hind paw and then injected the A;R agonist 2-chloro-
NO-cyclopentyladenosine (CCPA) ipsilaterally to the Zusanli point, a
pressure point on a lower leg, one of the most frequently used points in
acupressure and acupuncture, which resulted in brief antinociceptive
effects. In contrast, contralateral acupuncture to the Zusanli point or
acupuncture within A;R knockout mice prevented pain relief (Goldman
et al., 2010).

3.2. AR

AoaR is widely distributed throughout different body organs, both
centrally and peripherally (Lee et al., 2003). Therefore, it is vital to
understand the underlying mechanism of how AjsR work. AspR is
mainly coupled to the Gs family (Wang and Zhou, 2019). Thus, the
primary signaling pathway for this receptor is through activation of AC,
generation cAMP, and later downstream activation of PKA (Nemeth
et al., 2003; Peters and Scott, 2009). Interestingly, AsaR is expressed on
neurons and immune cells in the peripheral and central nervous systems
(Dare et al., 2007). More importantly, it is expressed on both neurons
and glial cells in the central and peripheral nervous systems (Gomes
et al., 2013). Moreover, AaaR and AgpR are significantly co-localized in
the same brain areas (Shaw et al., 2020). Several investigators reported
the anti-inflammatory effect of AxsR activation in both the peripheral
and central nervous systems. However, in regard to AgaR implication in
pain, several studies show contradicting results (Sawynok, 2016). For
example, mice lacking AzsR exhibited decreased sensitivity to noci-
ceptive stimuli. Consistently, administrating AsaR selective antagonist
SCH58261 had antinociceptive effects (Hussey et al., 2007; Hussey
et al., 2010). Also, a different A2AR antagonist ZM241385 showed a
reduction in nociceptive behavior (Li et al., 2010). Varano et al recently
conducted a study testing an emerging inverse agonist for A;aR where
they reported equal effect and, in some cases, more significant effect in
antinociception than morphine (Varano et al., 2016). A finding further
confirms the possible role Ay5R can play in pain mechanisms. In further
studies, activation of A2AR has pro-algogenic effects (Bura et al., 2008).
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On the other hand, a recent study has reported that IT injection of AppR
agonist 2-p-(2-carboxyethyl) phenethylamino-5'-N-ethylcarboxamido
adenosine HCl (CGS21680) alleviated neuropathic pain in spinal cord
injury rats (Kwilasz et al., 2018). Consequently, IT injection of AzpR
agonist has antinociceptive effect on neuropathic pain (Loram et al.,
2009). The discrepancies described between the effects of activation and
deactivation of AyaR may be due to different actions of AR regarding
pain, centrally, in contrast, to peripherally (Sawynok, 2016).

3.3. AyR

The expression of AgpR is similar to AgaR. It is widely expressed in
body organs and immune cells and is thought to play a role in inflam-
matory conditions (Aherne et al., 2011). Another supporting fact for the
role of AsgR in mediating inflammatory reactions is the low affinity to
ADO compared to AR subtypes. Consequently, A2BR is activated only
when ADO levels are high in inflammatory and stressful events (Borea
et al., 2017; Feoktistov and Biaggioni, 2011). There is limited literature
on AygR in pain, mainly due to a lack of selective agonists and antago-
nists for this receptor. In a study, they used a non-selective AR
antagonist DMPX which prefers A2BR to ApaR. They used the hot plate
test to produce an acute pain model of mice, and they reported the
antinociceptive effect of the compound at a 30 mg/kg dose. To further
confirm this, they tested other selective AggR antagonist compounds
(PSB-50, PSB-53, PSB-1115, PSB-55, and enprofylline) and reported
dose-dependent analgesic effects in a hot plate test (Abo-Salem et al.,
2004). Since it has been implicated in inflammatory responses, Hu et al
studied the effect of AggR on chronic pain. They reported that AsgR
could be a connecting link between neurons and microglia in inflam-
matory conditions. Moreover, when activated by high ADO levels, it
induces nociceptive hyperexcitability and promotes chronic pain (Hu
et al., 2016). All these findings seem to confirm that A,pR is involved in
promoting nociception. With different studies reporting the anti-
nociceptive effect of AggR blockade. With a definite need for more
studies to confirm the role, AygR plays in pain management and noci-
ception as a possible therapeutic target for pain.

3.4. AsR

Like other receptor subtypes of its class, the A3R is generally coupled
to Gi/o, and activation of AgR and G/, coupling leads to inhibition of AC
and decreased cAMP concentrations with occasional extracellular
signal-regulated kinase 1/2 (ERK1/2) activation being documented
(Barkan et al., 2020; Schulte and Fredholm, 2002). For a large portion of
time, the enigmatic nature of the AsR led to its omission as a potential
antinociceptive target reportedly due to low expression profiles in the
CNS as well as non-specific ligands for the receptor. However, it has
become apparent that the AgR is highly expressed on various immune
cells, the lumbar spinal cord, and within supraspinal areas such as the
rostral ventral medial medulla (RVM) (Durante et al., 2021; Jacobson
et al., 2019; Janes et al., 2016; Little et al., 2014). Without question,
peripheral A3R afferent projections (ie: spinal cord and RVM) are
functionally important in pain, with many studies indicating selective
A3R agonists dose-dependently modulate neuropathic pain. Some of the
first evidence of the antinociceptive actions of the AR arose from an
investigation by Chen et al. in which, using the well-characterized model
of mechano-allodynia, dose-dependent agonists of the A3R receptor with
N6-(3-iodobenzyl)-adenosine-S’-N—methyluronamide (IB-MECA) rapidly
reversed neuropathic pain (Chen et al., 2012). Most importantly, the
effects of IB-MECA were insensitive to naloxone, suggesting the activity
of this compound was not opioid-mediated (Chen et al., 2012). Inter-
estingly, in addition to its standalone ability to modulate pain, the ef-
fects of IB-MECA were equal to already established antinociceptives
gabapentin or amitriptyline but respectively > 350- and > 75-fold more
potent (Chen et al., 2012).

In a more recent study, the expression of the A3R on immune cells
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and their role in neuropathic pain was deduced (Durante et al., 2021).
Due to the high protein expression of the AsR on T cells (especially CD4 "
and CD8™) (Borea et al., 2016), Durante et. al questioned whether these
receptors play a role in the beneficial agonist effects in mechano-
allodynia modeled neuropathic pain. Using mice deficient for both T
and B cells (Rag-KO mice) compared to WT-counterparts, investigators
discovered Rag-KO mice were insensitive to the anti-allodynic effects of
A3R agonism (Durante et al., 2021). Significantly, transplantation of
CD4" cells from WT mice restored AsR agonist-mediated anti-allodynia
within Rag-KO mice. In contrast, transplantation of CD4" T cells from
Adora3-KO or interleukin-10 (IL-10) receptor knockout mice into Rag-
KO had no effects, highlighting the role of A3R expression on CD4" T
cells and its role in neuropathic pain (Durante et al., 2021).

4. Interaction of adenosine receptors with opioid or cannabis
receptors

4.1. Interaction between adenosine receptors and opioid receptors

In the late 1980s, several studies confirmed that morphine act on
opioid receptors to release ADO within primary afferent nerve terminals
in the dorsal horn of the spinal cord, and the ADO subsequent activation
of AjR and AgaR to produce spinal analgesia (Sawynok et al., 1989;
Sweeney et al., 1987; Sweeney et al., 1989). Furthermore, the additive
interaction between ARs agonists and opioid mu receptors and the
synergistic interaction with delta and kappa was noticed (De Lander and
Keil, 1994). In the 2000s, since the synergistic effect and relationship of
ADO and opioids were confirmed in the laboratory, animal experiments
were conducted considering its clinical application. Hence, more
detailed studies focusing on each ARs agonist and antagonists in pain
were conducted together. In the mid-2000s, studies confirmed the anti-
allodynic effect of ARs agonist with morphine in various nerve injury
animal models that include spinal cord injury and peripheral nerve
injury. In addition, AR agonist has an additive effect with morphine in
reducing mechanical allodynia-like behavior and tactile allodynia,
suggesting a synergistic interaction between A;R and mu-opioid recep-
tor (Hwang et al., 2005; von Heijne et al., 2000; Zhang et al., 2005).

Eisenach et al. studied IT injection of ADO in humans performed
studies to determine whether opioid administration also induces ADO
release in humans. A total of 32 patients and volunteers were enrolled
for this study, and their clinical data suggest that local opioid receptor
stimulation in the spinal cord releases ADO (Eisenach et al., 2004).
However, until recently, no notable clinical studies validate the poten-
tial interaction between A;R and mu-opioid receptors. Recently, several
studies focused on opioid-induced hyperalgesia (OIH; increased pain
sensitivity), tolerance, and withdrawal, which can contribute to
dependence and abuse. Interestingly, in rats, morphine-induced OIH and
antinociceptive tolerance is associated with spinal AsR signaling, and
AsR activation potentiates morphine antinociception in the opioid-
tolerant state (Doyle et al., 2020; Leduc-Pessah et al., 2021). Collec-
tively, the interaction of opioids and ADO/ARs have a synergistic or
additive effect in antinociceptive mechanism, and AsR agonist may have
a protective or reliving role against opioid side effects, including toler-
ance, OIH, and withdrawal.

4.2. Interaction between adenosine receptors and cannabis receptors

Cannabinoids produce more than 100 naturally occurring chemicals,
the most abundant of which are A-9-tetrahydrocannabinol (THC), can-
nabidiol (CBD). THC and CBD bind with cannabinoid receptors (CB;R
and CB3R) of endocannabinoids in the body. THC is a psychotropic
chemical that makes people feel “high,” whereas CBD is a non-
psychotropic chemical. CBD was recently shown to have therapeutic
potential in various medical disorders such as epilepsy. The endo-
cannabinoid system is present throughout the pain pathways as canna-
binoid receptor agonists have antinociceptive effects in animal models
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of acute, inflammatory, and neuropathic pain (Chayasirisobhon, 2020;
Starowicz and Finn, 2017). According to studies about the relationship
between ADO and cannabis, colocalization of A;R and CB;R and their
coupling suggest that these receptors may interact each other.

Furthermore, a variety of heteromers of AsaR, CB1R, and D2R in
different elements of striatal spine modules raised, and interaction of
AsaR and CBjR have been consistently reported to occur in the brain
striatum (Ferre et al., 2010; Franco et al., 2019; Hoffman et al., 2010;
Martire et al., 2011; Moreno et al., 2018; Tebano et al., 2012).
Furthermore, a result revealed that A;aR and CB1R heteromers function
at the hippocampus’s presynaptic level, suggesting that CBD may
interact with A;aR and CB4R in the brain (Aso et al., 2019). Neverthe-
less, only a few studies revealed pain-related interactions of ADO and
cannabis, while most studies centered on a neuropsychiatric perspec-
tive. However, AaR is known to participate in some anti-inflammatory
effects of CBD, suggesting a possible interaction between AaR and CB1R
in pain regulation (Mecha et al., 2013).

5. Developing adenosine and adenosine analogs as analgesic
agents

5.1. Intrathecal injection of adenosine and adenosine receptor agonists in
rodent models

Previous studies have confirmed that ADO has a role in anti-
nociception at the spinal cord level (Doi et al., 1987; Sweeney et al.,
1987; Sweeney et al., 1989). Hence, during the 1980s, research centered
on developing ADO analogs and ARs agonists. In particular, IT injection
of ADO and ARs agonists in rodent models revealed the antinociceptive
properties targeting ARs, as summarized in Table 1 (Jacobson et al.,
2019). In 1984, a study with IT injection of 5-N-Ethylcarboxamido
adenosine (NECA), an AR agonist, revealed a dose-dependent anti-
nociception effect (Post, 1984). In addition, in 1987, Doi et al. injected
ATP, ADP, AMP, ADO, and adenine in mice IT space, also they noticed
these compounds except adenine have a dose-dependent antinociceptive
response and suggest the existence of ARs which modulate spinal noci-
ceptive sensory processing (Doi et al., 1987). From the 1980s to the
1990s, several studies focused on the efficacy and safety of ADO and ARs
agonists in rodent models with the IT approach. Despite some dose-
dependent motor impairment in rats, the safety of IT administration is
warranted at antinociceptive doses of ADO and ARs agonists (Karlsten
et al., 1993; Sosnowski et al., 1989). These preclinical results prompted
the clinical use of IT-injected ADO in humans. Prior to the clinical tests,
at the end of the 1990s, preclinical toxicity screening of IT ADO in rats
and dogs reported no neurotoxicity from eighteen rats with 4 days of
administration. Additionally, a study with nine beagle dogs with 26 days
of IT administration of ADO enabled the phase I safety trials of IT ADO
administration in humans (Chiari et al., 1999).

5.2. Clinical trials of systemic adenosine as antinociceptive agent

In the 1990s, a series of clinical trials proved the efficacy of systemic
ADO as an analgesic agent in humans (Belfrage et al., 1995; Segerdahl
et al., 1995a; Segerdahl et al., 1995b; Segerdahl et al., 1994; Segerdahl
et al., 1996; Sollevi et al., 1995). In 1994, the first clinical trial of IV
constant infusion of 70 pg/kg/min dose of ADO in nine healthy volun-
teers with a single-blind, randomized, placebo-controlled study, showed
an analgesic effect of ADO measure by visual analog scale (VAS, 0-100
mm). Furthermore, a co-administration of ADO with morphine or ke-
tamine exhibited an additive effect. An additional study on six healthy
volunteers attenuated tactile allodynia. Subsequently, a preliminary
report for ADO treatment in two patients with peripheral neuropathic
pain and the following seven neuropathic patients raised the need for a
controlled study verifiable whether ADO is potentially relieving effect in
neuropathic pain. Unfortunately, these studies had limitations due to a
small number of subjects. However, soon after, perioperative ADO
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Table 1
The list of ARs agonists and antagonists in pain research.
Agonists Pain model Administration ~ References
AR NECA Colonic inflammation IT/SC Sohn et al.,
2008
CPA Diabetic neuropathy IT/SC Katz et al.,
2015
R-PIA SCI IT Heijne et al.,
2000
PAM:
T62 Acutepain/ IT Li et al., 2003
carrageenin
inflammation
SNL PO Li et al., 2004
MIPS521 PNL /SNI IT Joyce et al.,
2021
VCP171 PNL /SNI 1T Joyce et al.,
2021
Antagonists
DPCPX PNL /SNI 1T Joyce et al.,
2021
CPT SC formalin injection IT Yoon et al.,
2006
AR Agonists
CGS21680 Plantar incision IT Zahn et al.,
2007
ATL313 CCI/PNL IT Loram et al.,
2009
Antagonists
7ZM241385 CCI/PNL IT Loram et al.,
2009
CSC SC formalin injection IT Yoon et al.,
2006
Agonists
BAY606583 CCI IT Loram et al.,
2013
Antagonist
AgR ATL801 IBS PO Kolachala
et al., 2008
MRS 1754 IBS P Aano et al.,
2017
PSB1115 IBS P Aano et al,
2017
alloxazine SC formalin injection IT Yoon et al.,
2006
Agonists
MRS5698 Opioid analgesic IT Pessah et al.,
tolerance 2021
IB-MECA CIPN 1P Janes et al.,
2014
AsR CCI 1P Ford et al.,
2015
CI-IB-MECA  Diabetic neuropathy P Yan et al.,
2016
CCI 1P Chen et al.,
2012
MRS5980 Collitis 1P Lucarini et al.,
2020
Antagonist
MRS1220 SC formalin injection 1T Yoon et al.,
2006
MRS1523 CINP 1P Janes et al.,
2014

Abbreviation: PNL: partial nerve ligation; SNI: sciatic nerve injury; SCL: spinal
cord injury; CCIL: chronic constriction injury; IBS: irritable bowel syndrome;
CINP: Chemotherapy induced neuropathy; IT: intrathecal; SC: subcutaneous;
PO: per oral; IP: intraperitoneal.

infusion in 43 patients who underwent abdominal hysterectomy showed
that ADO infusion reduced the requirements of volatile anesthetic and
postoperative opioid analgesic (Segerdahl et al., 1997).

Nevertheless, there were no clinically significant results directly
applied to clinical practice. Furthermore, a relatively large study showed
the no analgesic effect of the IV ADO phase 2 trial on 166 gynecologic
postoperative patients (Habib et al., 2008). In addition, a recent meta-
analysis that included 757 patients from 9 studies for the analgesic
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effect of perioperative ADO infusion concluded that systemic ADO has
no pain-reducing effect or prophylactic effect against postoperative
nausea and vomiting (Jin and Mi, 2017). Therefore, based on the recent
negative outcome of using systemic ADO administration in humans,
ADO is no longer a clinical option for analgesics. Moreover, it seems
reasonable to view it as currently having no benefits due to other effects
such as cardiovascular side effects.

5.3. Clinical trials of intrathecal adenosine as antinociceptive agent

The studies for systemic administration of ADO in humans failed to
show a satisfactory clinical outcome for reducing acute pain. On the
other hand, a study showed an interesting finding that patients with
neuropathic pain had reduced blood and CSF ADO levels, demonstrating
that ADO deficiency is associated with neuropathic pain (Guieu et al.,
1996).

In the late-1990 s, IT injection of ADO with clinical application
considering in humans performed actively, following previous rodents’
successful results. The phase 1 clinical safety study of 500 ~ 2000 pg
dose of IT ADO on 12 healthy volunteers evaluated the side and anal-
gesic effects. The results showed the safety of IT ADO and statistically
significant reduction of pain in sensory skin test and tourniquet ischemic
test (Rane et al., 1998). Furthermore, an open-label, dose-escalating trial
and a double-blind, placebo-controlled trial on 65 volunteers showed
that IT ADO does not produce a high incidence of severe side effects and
advocated further investigation of IT ADO for analgesia in humans.
Additional study with 0.5 mg, 2.0 mg dose of IT ADO injection on 30
volunteers, using topical capsaicin for causing pain, showed ADO had no
dose-dependent effect for reducing pain thus, recommended 0.5 mg or
fewer doses of IT ADO should be considered for the treatment of pain
(Eisenach et al., 2002a; Eisenach et al., 2002b). A similar study with IT
ADO, whether perioperative IT ADO injection reduced aesthetic re-
quirements and postoperative opioid requirements in 40 female patients
who underwent a hysterectomy. Despite positive results of the previous
phase 1 study, replicated experiments showed no anesthetic drugs or
postoperative analgesic effects of ADO after hysterectomy (Rane et al.,
2000). According to this comparative study, the additional negative
results on 90 patients who underwent an abdominal hysterectomy were
divided into early, late, control groups, IT ADO 1,000 pg was not
effective as an analgesic for postoperative pain relief without pre-
emptive effect (Sharma et al., 2006). In addition, Eisenach et al. con-
ducted a further study following their previous study in seven patients
with chronic neuropathic pain, which showed that IT ADO reduces
allodynia. However, they concluded that IT ADO as a sole agent for
treating neuropathic pain might be limited due to modest and common
side effects (Eisenach et al., 2003). Then recently, research on 40 pa-
tients who had radicular limb pain since underwent lumbar discectomy
suggested that 1000 ug of IT ADO is a safe and effective method for
postoperative neuropathic pain management after uni-level disk sur-
geries (Aghamohammadi et al., 2020). Taken together, IT ADO in
humans appears to have the possibility of future application in neuro-
pathic related pain rather than acute or postoperative pain.

6. Targeting adenosine receptors for future analgesia

According to the research, all four ARs are involved in the process of
antinociception in the spinal cord (Yoon et al., 2006). The schematic
mechanism of each receptor is shown in Fig. 2.

6.1. Targeting AjR and positive allosteric modulator in pain

Early on, many studies have shown that A;Rs play a significant role
in the antinociception mechanisms thus selective A;R agonists were
considered as the most promising new analgesic candidates (Sawynok,
2016; Wu et al., 2005; Zahn et al., 2007). In addition, researchers con-
ducted studies on various types of pain targeting A;R, including
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Fig. 2. The schematic mechanism of each receptor. G; subunit coupled A;R and A3R are activated, cAMP is reduced, which induces several inhibitory responses in the
body. And all four subtypes of AR are thought to be involved in pain regulation by inducing activation through phosphorylation of p38 MAPK (mitogen-activated
protein kinase), ERK1/2 (extracellular signal-regulated), and JNK (Jun-N-terminal kinase) which are involved in inflammation pathways and apoptosis.

neuropathic pain, visceral pain, and postoperative pain (Horiuchi et al.,
2010; Sohn et al., 2008). In particular, activation of A;Rs contributes to
reducing neuropathic pain significantly. Recently, AjR has also been
known to contribute to regulation pain by TRPV1, transient receptor
potential cation channel subfamily V member 1, also known as capsaicin
and vanilloid receptors (Kan et al., 2018; Katz et al., 2015; Yamaoka
et al., 2013).

To date, although the precise mechanisms are not well studied how
AR involves in pain, when G; subunit coupled A;R is activated, damp-
ening the cAMP levels may induce several inhibitory responses in the
body, which may result in pain reduction through the phosphorylation
of p38 MAPK (mitogen-activated protein kinase), ERK1/2 (extracellular
signal-regulated) and JNK (Jun-N-terminal kinase) (Shaw et al., 2020).
Furthermore, the role of A1R, which is more prominent than other AR in
pain, is due to their location on peripheral sensory nerve endings in the
spinal cord dorsal horn and at supraspinal pain-processing structures
(Sawynok, 2016; Schulte et al., 2003; Vincenzi et al., 2020). Another
advantage of AjR is that inosine, a metabolite of ADO, binds to AjR with
a similar affinity to ADO and induces antinociceptive properties, anti-
allodynia, and anti-hyperalgesia. However, despite the advantages of
targeting A;R, its development as a new analgesic was limited due to the
possibility of inducing serious adverse effects on the cardiovascular
system and motor function. Therefore, the development of AjR-positive
allosteric modulators (PAM) which improve efficacy and limit side ef-
fects, enhancing the effect of endogenous ADO has emerged (Vincenzi
et al., 2020).

In the early 2000s, researchers performed experiments validating
T62 as the first PAM of A;AR in animal models.These studies confirmed
that T62 produces antinociception and also suggested it lacks efficacy
against acute nociceptive stimuli under normal conditions, but reduces
hypersensitivity during inflammation through a central mechanism. In
addition, these authors observed that chronically administered T62 lose
efficacy over time, partly due to receptor down-regulation (Li et al.,

2004; Li et al., 2003; Pan et al., 2001). Despite the early identification of
2A3BTs (T62, PD81,723, LUF5484) as PAM of A4R, their mechanism of
action appears complex and is not fully understood. Furthermore,
2A3BTs recognize an allosteric site at low concentrations while binding
to the orthosteric site at high concentrations; thereby, these agents
interact with both an allosteric and the orthosteric site of A;R. There-
fore, removing the competitive properties of 2A3BTs while retaining
allosteric properties is vital for developing the PAM of AjR (Valant et al.,
2010). Hence, VCP 171, next-generation PAM of the AR is expected that
could be an effective treatment for neuropathic pain. However, VCP 171
has a weak in vivo effect and did not contribute to PAM activity under
physiological conditions (Draper-Joyce et al., 2021; Imlach et al., 2015).
In 2021, Joyce et al hypothesized that cooperation between the PAM
and ADO is more critical than the A;R affinity of PAM in anti-
nociception. Finally, these researchers successfully developed the new
PAM of the AjR, MIPS521, which exhibits analgesic efficacy in rats in
vivo through modulation of the increased levels of endogenous ADO. In
addition, these authors reported the structure of the A;R co-bound to
ADO, MIPS521, and a Gjy heterotrimer (Draper-Joyce et al., 2021).
These results provide a step toward a non-opioid analgesic development
and support additional validating studies following preclinical and
clinical studies.

6.2. Targeting A24R, or AgpR in pain

The role of AysR and AygR in pain is controversial since both pro-
nociceptive and antinociceptive effects have been reported, AspR ago-
nists show some peripheral pronociceptive effects. However also exhibit
antinociceptive effect through acting on immune cells to suppress
inflammation and on spinal glia to suppress pain signaling and AsgR
agonists contribute to the peripheral proinflammatory process of im-
mune cells, but also exhibit spinal antinociceptive effects (Gomes et al.,
2013; Sawynok, 2016; Vincenzi et al., 2020). For this reason, these AopR
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and AopR are considered to have a role in inflammatory and neuropathic
pain. Furthermore, a study suggested that peripheral AzpR mediated
anti-inflammatory actions can relieve perioperative pain (Hayashida
et al., 2005). In the inflammation process, activation of AgaR decreases
proinflammatory cytokines such as TNF-a, IL-1p, and IL-6 and increases
the release of the IL-10, which is a potent anti-inflammatory cytokine.
This process contributes to reducing neuropathic pain. Indeed, elevated
IL-10 mRNA in the CSF was observed with a single IT injection of the
AoaR agonists, and it produced a long-duration reversal of mechanical
allodynia and thermal hyperalgesia for at least 4 weeks (Loram et al.,
2009). In addition, several studies described the relationship between
AR and Derived Neurotropic Factor (BDNF), which regulate microglial
activity in neuropathic pain. Based on these results, studies convinced IT
AoaR agonists probably be a novel target for treating neuropathic pain
(Kwilasz et al., 2018; Loram et al., 2009; Loram et al., 2013). Further-
more, a recent study with the monoarthritis mice model suggested ApaR
agonists have an analgesic effect in inflammatory pain; thus they can be
a potential therapeutic agent of inflammatory pain (Eisenach et al.,
2002b; Ravani et al., 2017). Interestingly, several papers showed that
systemic and IT injection of selective AsR antagonists has anti-
nociceptive effects and sex differences in pain response. ApaR antagonist
reduced the nociceptive behavior in female wild-type mice, but not in
males (Luongo and Salvemini, 2018; Varano et al., 2016).

On the other hand, in comparison to other AR subtypes, ADO exhibit
a lower affinity for AggR, and lack of its selective agonist makes it
difficult in conducting related research; therefore, limited studies were
conducted based on this receptor and their involvement in the pain are
poorly understood (Borea et al., 2017; Vincenzi et al., 2020). Nonethe-
less, a study reported that A2BR antagonists reduce pain in the visceral
hypersensitivity rat model (Asano and Takenaga, 2017; Asano et al.,
2017; Kolachala et al., 2008). Furthermore, another study noticed that
ApR selective agonist also has an analgesic role in the neuropathic pain
model (Loram et al., 2013). Bottom line, both A3sR and AogR lead to
increased cAMP accumulation, and this cAMP activates PKA of down-
stream pathways. Of note, all ARs are coupled to MAPK pathways,
ERK1/2, p38 MAPK, and JNK (Borea et al., 2016; Coppi et al., 2021;
Shaw et al., 2020).

6.3. Targeting A3R in pain

To date, studies about AsR have shown promise for the treatment of
various diseases such as cancer and autoimmune disease. In addition,
the activation of the AsR in humans does not cause cardiac or hemo-
dynamic side effects and even AgR agonists are potent, selective, and
orally bioavailable. Therefore, clinical research for developing AsR ag-
onists is intensively underway(Silverman et al., 2008). Like AR, Gi-
coupled AR activation inhibits AC, thereby reducing intracellular
cAMP levels, which is considered a first step in the antinociception. Of
course, the pronociceptive role of peripheral AsR was reported, but
recent studies showed results on the antinociceptive role of AsR in
neuropathic pain with mechanistic actions on glial cells (Sawynok,
2016; Vincenzi et al., 2020). Notably, AsR on immune cells modulates
cytokine release such as CD4+ T cells and IL-10, thereby reducing DRG
neuron excitability (Durante et al., 2021). In addition, enhancing ERK1/
2 and p38 by AsR activation results in a reduced level of proin-
flammatory cytokines TNF-a and IL-1p. Furthermore, AsR agonists
counteracting extracellular GABA decrease through prevented GAT-1
and GADG65 inactivation, as the result, preventing mechanical allody-
nia. Variously developed agonists of AsR revealed the role of AsR in
various preclinical pain models and suggested antinociception effects in
neuropathic pains, including chronic constriction injury-induced,
chemotherapy-induced, and diabetic neuropathy. In chemotherapy-
induced pain, AgR agonists prevent paclitaxel-induced neuropathic
pain via modulating spinal redox-dependent signaling pathways (Janes
et al.,, 2014). And a study shows that IB-MECA, one of AgR alleviated
mechanical hyperalgesia and thermal hypoalgesia in diabetic
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neuropathy mice (Yan et al., 2016). In addition, some studies suggested
the association of AsR with colitis-induced visceral pain control
(Lucarini et al., 2020). Interestingly, all the effects of A3R agonists were
prevented by the spinal administration of the selective AsR antagonist
MRS1523(Chen et al., 2012; Coppi et al., 2021; Ford et al., 2015). AgR
agonists also promise novel non-opioid analgesia for pain control.

7. Conclusions

Extensive studies confirmed the role of ADO in pain. All four sub-
types of ARs contribute to antinociception, especially in neuropathic
pain. Following the preclinical studies, AR agonist emerged as one of the
most promising non-opioid analgesics, but cardiovascular side effects
have yet to be overcome. However, PAM of AjR and high selective AR,
which are developments in recent years, present potent antinociceptive
effects with fewer side effects in animal models. Consequently, addi-
tional well-designed clinical trials should validate the potential use of
AR agonists alone or a combination of other existing analgesic medi-
cations depending on the sub-category of pain.
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