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Pain in response to various types of acute injury can be a protective stimulus to prevent the
organism from using the injured part and allow tissue repair and healing. On the other hand,
neuropathic pain, defined as ‘pain caused by a lesion or disease of the somatosensory
nervous system’, is a debilitating pathology. The TRPA1 neurons in the Dorsal Root
Ganglion (DRG) respond to reactive oxygen species (ROS) and induce pain. In acute nerve
injury and inflammation, macrophages infiltrating the site of injury undergo an oxidative
burst, and generate ROS that promote tissue repair and induce pain via TRPA1. The latter
discourages using the injured limb, with a lack of movement helping wound healing. In
chronic inflammation caused by diabetes, cancer etc., ROS levels increase systemically
and modulate TRPA1 neuronal functions and cause debilitating neuropathic pain. It is
important to distinguish between drug targets that elicit protective vs. debilitating pain
when developing effective drugs for neuropathic pain. In this context, the connection of the
Angiotensin type 2 receptor (AT,R) to neuropathic pain presents an interesting dilemma.
Several lines of evidence show that AT,R activation promotes anti-inflammatory and anti-
nociceptive signaling, tissue repair, and suppresses ROS in chronic inflammatory models.
Conversely, some studies suggest that AT,R antagonists are anti-nociceptive and
therefore AT,R is a drug target for neuropathic pain. However, AT,R expression in
nociceptive neurons is lacking, indicating that neuronal AT,R is not involved in
neuropathic pain. It is also important to consider that Novartis terminated their phase ||
clinical trial (EMPHENE) to validate that AT,R antagonist EMA401 mitigates post-herpetic
neuralgia. This trial, conducted in Australia, United Kingdom, and a number of European
and Asian countries in 2019, was discontinued due to pre-clinical drug toxicity data.
Moreover, early data from the trial did not show statistically significant positive outcomes.
These facts suggest that may AT,R not be the proper drug target for neuropathic pain in
humans and its inhibition can be harmful.

Keywords: neuropathic pain, angiotensin type 2 receptor, TRPA1, acute nerve injury, angiotensin type 2 receptors
agonism, reactive oxygen species

INTRODUCTION

Angiotensin type 2 receptors (AT,R), which were once considered to be a non-functional binding site
for angiotensin II (Ang II), are now firmly established as one component of the “alternative” or
“protective” renin-angiotensin system (RAS) (Unger et al., 2015). Along with angiotensin-(1-7)
[Ang-(1-7)] and its receptor Mas, Ang II/AT,R constitute an arm of the RAS that for the most part
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FIGURE 1 | Role of AT,R in various disease conditions. In the vast
majority of situations (blue arrows), AToR agonist-induced activation or tissue
over-expression of AT,R has been shown to exert protective actions in a host
of disease conditions, particularly those with a strong inflammatory
component. With regard to pain (gray shaded box), there are conflicting
opinions, with some studies concluding that activation of AT,R exerts anti-
nociceptive actions, while others conclude that AT,R antagonists produce
relief from neuropathic pain.

exerts multiple beneficial actions at both the systemic and central
levels, in various disease processes (Santos et al., 2019). The
protective effects that result from the activation of AT,R and/or
Mas can be independent of or are in opposition to the deleterious
pathophysiological effects of Ang II via its well-known type 1
receptor (AT, R) (Santos et al., 2018; Santos et al., 2019). Thereis a
great diversity of the beneficial effects of AT,R activation. For
example, there are many studies which have demonstrated that
AT),R agonists exert protective actions in fibrotic diseases (Wang
et al.,, 2017; Sumners et al., 2019), in cardiovascular and renal
diseases (Chow and Allen, 2016; Kaschina et al., 2017; Sharma
et al., 2020) and there are multiple effects and beneficial disease
implications for AT,R activation in the nervous system (Figure 1)
(Guimond and Gallo-Payet, 2012; Sumners et al., 2013).
However, despite the fact that a large majority of studies have
projected AT,R activation as being “good” or beneficial, studies
published within the past 5-6 years conclude that blockade of
AT,R provides relief in neuropathic pain and inflammatory pain
(Chakrabarty et al., 2013; Smith et al., 2013; Muralidharan et al.,
2014; Shepherd et al., 2018). In contrast to this, other studies have
implied that activation of AT,R can produce beneficial effects in
neuropathic pain (Bessaguet et al., 2018). Nonetheless, the
implication that AT,R activation is harmful under certain
circumstances, i.e., it causes pain, has severe consequences for
efforts that intend to take advantage of the beneficial action of
AT,R agonists and translate findings in animal models to novel
therapeutics for human disease. In this brief review the primary
goal is to discuss the studies which have linked AT,R to pain,
particularly with regard to the different types of pain, and to come
up with an idea of whether this angiotensin receptor subtype is
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painful, or not. We begin with a brief review of what AT,R are,
and their protective actions in disease states.

Angiotensin Type 2 Receptors: Signaling

and Function

Similar to the ATR, the AT,R is a seven transmembrane domain
receptor, and these receptors are 34% identical in terms of amino
acid sequence and both contain most of the conserved motifs of a
class A G-protein coupled receptor (GPCR) (Kambayashi et al.,
1993; Mukoyama et al., 1993). But that is where the similarity
between these receptors ends, and they differ greatly in terms of
signaling, cellular actions and ultimately whole-body functions.
The AT,R is well-known to signal through G;-mediated
activation of phospholipase C (PLC) and increases in
intracellular Ca** (Karnik et al., 2015). The AT,R certainly
does not signal through the traditional GPCR signaling
mechanisms such as activation of PLC/Ca®" or modulation of
cyclic AMP (Karnik et al.,, 2015). This might be explained by the
findings of a crystallography study which indicate that helix VIII
of the AT,R stabilizes the conformation of the receptor in its
active state, at the same time covering the binding sites for
G-proteins and P-arrestin, and thus preventing conventional
GPCR signaling (Zhang et al., 2017). Nonetheless, functional
studies have revealed that AT,R couple to several intracellular
signaling mechanisms; these include both G-protein-and non-G-
protein mediated pathways, and are often unique to the tissues in
which the AT,R are located (Nouet and Nahmias, 2000; Sumners
et al., 2019). For example, biochemical and functional studies
have demonstrated that AT,R signal via an inhibitory G-protein
and co-precipitate with G; proteins (Kang et al., 1994; Hayashida
et al., 1996; Zhang and Pratt, 1996; Hansen et al., 2000), and in
neurons cultured from rodent brain AT,R-modulation of K"
currents and activation of serine-threonine phosphatase 2A
(PP2A) occur via a pertussis toxin sensitive G-protein (Kang
et al,, 1994; Huang et al,, 1995; Kang et al., 1995). On the other
hand, AT,R can also activate tyrosine phosphatases, including
Map Kinase Phosphatase-1 (MKP-1) and Src homology region
two domain-containing-phosphatase-1 (SHP-1), and also
phospholipase A2 (PLA,)/arachidonic acid (AA) pathways,
albeit via non-G-protein-dependent mechanisms (Bedecs et al.,
1997; Fischer et al., 1998). The activation of MKP-1, SHP-1 and
also PP2A by AT,R certainly seem to interfere with kinase driven
pathways, including Erk MAP kinase, providing a basis for anti-
fibrotic actions of these receptors in a variety of tissues (Peluso
et al., 2018; Sumners et al, 2019). Probably the most well-
documented and robust signaling action associated with AT,R
is the activation of endothelial nitric oxide synthase (eNOS), with
subsequent generation of nitric oxide (NO) and cyclic guanosine
monophosphate (cGMP) (Carey et al., 2000; Widdop et al., 2003).
The induction of eNOS, mediated through activation of serine/
threonine and tyrosine phosphatases, is of importance for certain
anti-fibrotic and also vasodilatory actions of AT,R (Sumners
et al,, 2019). However, cell-specific differences in AT,R signaling
is further highlighted by the observation that AT,R suppresses
cGMP levels in oocytes, and this effect is regulated by the third
intracellular loop of the AT,R and possibly involves an oocyte-
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specific SHP1-like protein (Pulakat et al, 2005). The third
intracellular loop of AT,R is also a critical domain that
interacts directly with AT;R to inhibit its signaling (AbdAlla
et al., 2001; Kumar et al., 2002).

Unlike the dramatic physiological actions mediated by Ang II
via AT|R, namely the maintenance of body fluid balance and
blood pressure regulation, any effects of AT,R in normal animals
are not as obvious and have been difficult to tease out. They are
also quite diverse and don’t necessarily fit into a centralized
theme, as do AT R-mediated physiological effects. For example,
activation of AT,R has been shown to stimulate natriuresis
(Kemp et al., 2014), to inhibit vasopressin secretion (de Kloet
et al., 2016), to lower blood pressure via a central mechanism
(Steckelings et al., 2017), and to supress metabolism (Littlejohn
et al,, 2016). While these actions certainly occur, they are often
moderate in nature, and they pale in comparison to the quite
dramatic acts of AT,R in disease states, which will be discussed in
the next section.

Beneficial Actions of AT,R in Disease States
The functional effects of AT,R are far more profound in a variety
of disease conditions. First of all, it is apparent that in comparison
to AT,R levels in normal adult animals, the tissue expression of
AT,R is greatly increased in many disease states, particularly
those that involve inflammatory processes and tissue remodeling.
Examples of these pathological conditions include: myocardial
infarction, vascular injury, ischemic stroke, kidney failure,
pulmonary fibrosis, skin wounds and sciatic or optic nerve
transections (Booz and Baker, 1996; Steckelings et al., 2005;
Jones et al., 2008; Lemarié and Schiffrin 2010). The increases
in AT,R levels certainly appear to translate into functional effects,
given the host of disease states in which there is abundant
evidence that activation or increased expression of AT,R has
been associated with beneficial effects. Probably the most
profound effects of AT,R activation during disease conditions
are the powerful anti-fibrotic actions in various lung-, cardiac-,
vascular-, kidney- and skin diseases (Wang et al., 2017; Sumners
etal., 2019). A major contributor to the potent anti-fibrotic effects
of AT,R activation is significant anti-inflammatory actions
(Rompe et al., 2010; Patel et al, 2020). In addition to anti-
fibrotic actions, there exists much documentation of potent
beneficial actions of AT,R activation in a variety of other
disease processes, including diabetes (Paulis et al., 2016),
obesity (Yvan-Charvet et al, 2005; Ali and Hussain, 2012),
stroke (Bennion et al., 2018), vascular cognitive impairment
(Mogi et al., 2012), aortic aneurysm (Verbrugghe et al., 2018;
Sharma et al., 2020) and various cancers (Deshayes and Nahmias,
2005; Vinson et al., 2012). Female-specific increased expression of
AT,R is implicated in protection from Ang II-induced increase in
blood pressure and a reduction in AT,R expression in the heart
tissues of female diabetic rats is associated with increased focal
scarring in female rat heart (Sampson et al., 2008; Hilliard et al.,
2012; Lum-Naihe et al., 2017). Since the beneficial actions of
AT,R have been reviewed extensively elsewhere, for the present
article we limit ourselves to only illustrating them in the diagram
in Figure 1. It is worth pointing out, however, that in one case an
AT,R agonist (Compound 21 [C21;VP01] Vicore Pharma,
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Gothenburg, Sweden) is undergoing clinical trials for
idiopathic pulmonary fibrosis (https://vicorepharma.com/our-
programs/pipeline/). Much more recently the same company
has been approved for a clinical trial of C21/VPO01 in patients
infected with SARS-CoV-2, called ATTRACT (Angiotensin II
Type Two Receptor Agonist Covid-19 Trial) (https://
vicorepharma.com/our-programs/pipeline/). They believe that
the potent anti-inflammatory effects of the AT,R agonist will
be of benefit to patients with SARS-CoV-2 induced COVID-19.
Thus, it is clear that the vast majority of cases, activation of AT,R
exerts beneficial actions in disease states—hence the idea that these
receptors are a component of the protective RAS. It is also clear
that activation of these receptors presents a viable target for
clinical development in a variety of diseases. However, as also
seen in Figure 1, with regard to pain the story is different, with
literature over the past 5-6years concluding that AT,R
antagonists are analgesic, particularly in neuropathic pain and
chronic inflammatory pain (Smith et al., 2016). On the other
hand, there are also studies which indicate that AT,R agonists
exert beneficial effects in pain (Bessaguet et al., 2018).

If indeed AT,R antagonists are analgesic, then the implication
is that activation of AT,R exerts pain, and that would have serious
consequences for the further development of AT,R agonists for
human diseases. The next section provides a detailed discussion
of the role of AT,R in pain, with a view to understanding whether
they are pro- or anti-pain, or both.

Pain: Protective or Debilitating Stimulus in

Acute Tissue Injury?

Last year, the International Association of the Study of Pain
(IASP) proposed a new definition for pain in order to capture the
current understanding of the ‘pain’. Accordingly, new definition
of pain became “an aversive sensory and emotional experience
typically caused by, or resembling that caused by, actual or
potential tissue injury “(IASP Definition of Pain Task Force,
2019). Pain is induced by the activation of a subset of sensory
neurons called nociceptors (Finnerup et al., 2016; Colloca et al.,
2017; St John Smith 2018; Treede, 2018). The primary role of
‘pain’ during evolution is to detect dangerous stimuli that cause
tissue damage and protect tissue from further damage (St John
Smith 2018). Nociceptive pain can be categorized into radicular
pain (where nerve roots are irritated due to conditions causing
excess pressure or inflammation), somatic pain (where pain
receptors in peripheral tissues such as muscle, skin, bone etc.,
are activated) and visceral pain (where internal organs such as the
heart tissue is inflamed or damaged). Conversely, lesions or
disease in the somatosensory system can cause chronic
neuropathic pain that has no protective role and no effective
treatment. Neuropathic pain can arise from damage to peripheral
fibers (AP, AS and C fibers) and central neurons, and affects
7-10% of the general population. However, the understanding
that the binary classification of pain purely as nociceptive or
neuropathic leaves a good proportion of patients as unclassified.
These patients have substantial overlap of nociceptive and
neuropathic symptoms and this has resulted in coining of the
term mixed pain (Freynhagen et al., 2019).
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Chronic neuropathic pain is a debilitating condition and is
more frequent in patients >50 years of age (8.9% compared to
5.6% in those <49 years of age), and in women compared to men
(8% vs. 57% in men). Postherpetic neuralgia, trigeminal
neuralgia, painful radiculopathy, diabetic neuropathy, HIV
infection, leprosy, amputation, peripheral nerve injury pain
and central post-stroke pain are all examples of neuropathic
pain. Neuropathic pain (neuropathic pain) affects the lower back
and lower limbs, neck and upper limbs, and is mechanistically
different from chronic inflammatory pain such as that occur in
rheumatoid arthritis where the primary cause is local chronic
inflammation and resulting oxidative and nitrosative stress that
irritate sensory neurons. However, neuropathic pain is associated
with many chronic inflammatory conditions such as cancer,
diabetes, multiple sclerosis, spinal cord injury, and in response
to certain drug treatments such as chemotherapy (Finnerup et al.,
2016; Colloca et al., 2017; St John Smith 2018; Treede, 2018;
Freynhagen et al,, 2019).

In 2008, a task force initiated by the IASP Special Interest
Group on Neuropathic Pain (NeuPSIG) recognized the need to
distinguish neuropathic pain from nociceptive pain arising
indirectly from neurological disorders and pain conditions
with secondary neuroplastic changes occurring in the
nociceptive system. Their efforts resulted in the current
definition of neuropathic pain as “pain caused by a lesion or
disease of the somatosensory nervous system” (Treede et al., 2008;
Finnerup et al., 2016). This definition allows considering the
nociceptive pain conditions that over time cause secondary
lesions in the somatosensory nervous system also as
neuropathic pain. The NeuPSIG also developed a grading
system to determine the certainty of neuropathic pain in
clinical and research practices as ‘definite’, ‘possible ‘or
‘probable’ where the grade ‘possible’ does not affirm an
neuropathic pain diagnosis, but just serves as a working
hypothesis that pain may be categorized as neuropathic pain
(Treede et al., 2008). The terms ‘probable’ and ‘definite’ require
further neurologic examination.

Currently, neuropathic pain is an important socioeconomic
health issue worldwide that affects millions of people and that
does not have any effective treatments because of the wide variety
of causes and signaling mechanisms that induce neuropathic
pain. Thus, it is not surprising that the research community is
constantly looking for new drug targets to curb neuropathic pain.

TRPA1 in Neuropathic Pain

Calcium channels such as Transient Receptor Potential (TRP)
channels (Patapoutian et al., 2009; Carrasco et al., 2018) are
modulated by inflammation and overload of calcium ions, as
well as oxidative and nitrosative stress resulting from
inflammatory responses and immune system activation.
TRP channels convert thermal and chemical stimuli into
electrical activity on the peripheral terminals of sensory
neurons. Recent studies have shown that members of the
TRP subfamilies A (TRPA1), M (TRPM2 and 7), and V
(TRPV1 and 4), in sensory neurons are involved in
mediating nociception. The dorsal root ganglion (DRG) is
an important neural structure in sensory transduction
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including pain transmission, and neuromodulation of
persistent neuropathic pain (Berta et al., 2017; Deer et al.,
2017; Esposito et al., 2019). Consistent with this role, DRG
neurons exhibit high expression levels of TRPA1, TRPM2,
TRPV1, and TRPV4 channels (Kobayashi et al., 2005; Deer
et al, 2017; Carrasco et al., 2018; Esposito et al., 2019).
Therefore, targeting DRG neuronal tissues and primary
sensory neurons via gene and cell therapies as well as and
peripheral pharmacological treatments are being developed to
treat pain (Berta et al., 2017). TRPV1 is a well-established
transducer of noxious stimuli and Story et al., showed that
while 97% of TRPAL1 (transient receptor potential ankyrin 1)
expressing nociceptive neurons co-expressTRPV1, only 30% of
TRPV1 expressing nociceptive neurons co-express TRPAl
(Story et al., 2003). Thus, TRPA1 is one transducer of pain
pathways. TRPA1 serves as a common mediator for several
chemically diverse molecules that function as pain and itch
inducers including hydrophilic reactive oxygen and nitrogen
species (ROS and RNS) induced by inflammatory responses,
formalin, and pruritogens that mediate histamine-
independent allergy-evoked itch, psoriasis and eczema.
TRPAL’s ability to sense irritants is conserved from sea
sponges to humans, suggesting an ancient origin (Kang
et al., 2010). Pain response is attenuated by TRPAI
antagonists and in TRPA1l knock-out mice. All of these
aspects have made TRPA1l as a primary target for pain
therapy (Wilson et al., 2011; Chen and Hackos, 2015;
Koivisto et al., 2018; Giorgi et al., 2019).

An elegant study by Trevisan et al. (2016) demonstrated that
TRPALI is a mediator for the Trigeminal neuropathic pain in
response to oxidative stress induced by oxidative/nitrosative
burst of monocytes/macrophages. In this study, C57BL/6 and
wild-type (TRPA1 (+/+)) mice that were subjected to
constriction of the infraorbital nerve exhibited significant
prolonged non-evoked nociceptive behavior and mechanical,
cold and chemical hypersensitivity compared to sham-operated
mice and these pain-like behaviors were abated by genetic
deletion or chemical inhibition of TRPAI, anti-oxidants, and
inhibition of increases in monocytes/macrophages. Based on
their findings they proposed that in the infraorbital nerve
constriction model of trigeminal neuropathic pain, oxidative
stress by-products released from monocytes and macrophages
accumulate at the site of nerve injury and activate TRPAI
channels to cause pain-like behavior (Trevisan et al.,, 2016).
Moreover, De Logu et al. (2017) demonstrated that TRPA1
channels in Schwann cells are involved in neuroinflammation
and activation of NADPH oxidase 1 (NOXI1)-dependent
hydrogen peroxide release. They also showed that inhibiting
this effect attenuated macrophage infiltration. Additionally,
macrophages recruited to the perineural space underwent
NOX2-dependent oxidative burst and further activated the
TRPA1-NOX1 pathway in Schwann cells, but not TRPA1 in
nociceptors. The authors concluded that Schwann cell TRPA1
activates a spatially constrained gradient of oxidative stress to
sustain continuous macrophage infiltration to the injured nerve
and activate TRPA1 nociceptors, causing mechanical allodynia
via a paracrine mode of action.
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The role of nitroxidative signaling in pain has been studied in
many different rodent models for inflammatory pain and
neuropathic pain. Extensive research shows that nitroxidative
species generated by mitochondria as well as by NADPH oxidase
and nitric oxide synthase enhance neuroexcitability to sustain
pain through direct neuronal interactions, and indirectly by
impairing mitochondria and inducing neuroinflammation
(Grace et al., 2016). However there are several unanswered
questions regarding the ubiquitous nature, species specificity,
and roles of anti-oxidants and anti-inflammatory signaling
pathways in regulating nitroxidative signaling in pain (Grace
et al., 2016). These questions are particularly relevant to the
question of whether AT,R is an inducer of pain or not. This is
because AT,R is an inhibitor of NADPH oxidase and generation
of ROS in different cell types including neuronal cells (Lu et al.,
2015; Toedebusch et al., 2018; Bhat et al., 2019).

Several studies showed that TRPAI1 is a thermosensor. In
invertebrates and ancestral vertebrates (fly, mosquito, frog, lizard
and snakes) TRPAI1 serves as a heat receptor that induces
avoidance of heat and infrared detection (Laursen et al., 2015)
whereas in mammals it mediates cold hypersensitivity (Obata et
al., 2005; Sawada et al., 2007; del Camino et al., 2010; Chen et al.,
2013). However, a study using four different mammalian species
(mouse, rat, rhesus monkey and human) showed that TRPA1’s
cold hypersensitivity is specific to rodents, but not primates,
making the translational significance of cold hypersensitivity
studies in rodents weak (Heber and Fischer, 2019). Moreover,
although TRPA1 antagonists (A-967079), show positive results
in rodent neuropathic pain studies, they have not been validated
for therapeutic use due to limited efficacy in the chosen models,
or issues during development of the drug (Heber and Fischer,
2019). Recent studies have indicated TRPA1 plays a central role
in Ang II-induced cold hypersensitivity in mice.

Angiotensin Il and TRPA1
Shepherd et al. (2018), showed that in a spared nerve injury (SNI)

mouse model Ang II levels were elevated in the ipsilateral sciatic
nerves and Ang II injection into mouse hind paws induced
mechanical hypersensitivity in a dose-dependent manner.
While blockade of the AT;R with losartan did not modulate
Ang II-induced mechanical hypersensitivity, co-administration
of the AT,R antagonist PD123319 attenuated both SNI-induced
and Ang II-induced mechanical hypersensitivity in a dose-
dependent manner and to similar extents in both sexes.
However, intrathecal (i.t.) administration of PD123319 did not
attenuate mechanical hypersensitivity, indicating that AT,R is
not directly involved in this type of acute mechanical injury-
associated pain mediated via DRG neurons and in addition there
was no detectable AT,R mRNA or protein expression in mouse or
human sensory neurons (Shepherd et al.,, 2018). Additionally,
hind paw injection of Ang II did not induce mechanical
hypersensitivity in this study. Further examination showed
that systemic administration of TRPA1 inhibitors attenuated
Ang II-induced mechanical hypersensitivity. Similar results
were obtained for Ang II- or SNI-induced cold
hypersensitivity. These observations strongly suggested that
Ang II-induced mechanical and cold hypersensitivity in mice
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is mediated via TRPA1. However, prolonged exposure of mouse
and human DRG neurons to Ang II did not induce calcium
overload or TRPA1 activation nor modulate action potential
firing or other membrane potential properties of these
neurons. These observations strongly suggest that the Ang II-
induced mechanical and cold hypersensitivity that are indicators
of neuropathic pain are not mediated by neuronally-located
AT,R. Moreover, it is also noteworthy that TRPAl-mediated
cold hypersensitivity is not observed in humans and therefore,
this AT,R-effect in mice is not translatable (Heber and Fischer,
2019).

Oxidative Burst by Macrophages at the Site
of Acute Tissue Injury and Tissue Repair-Is

it a Protective or a Debilitative Pain Stimulus
Shepherd et al. (2018), further showed that Ang II-induced
TRPA1 activation in sensory neurons is an indirect
mechanism and requires peripheral macrophage-induced
redox activation that increases ROS/RNS in response to Ang
II. TRPA1 on the sensory neurons was responding to exposure to
ROS/RNS produced by these macrophages, and AT,R present on
the macrophages promoted redox activation in response to Ang
II. Importantly, peripheral macrophages did not express any
functional TRPA1. Thus, macrophage AT,R also did not
directly activate TRPA1l. While these observations have
unveiled an elegant immune cell-neuronal cell communication
via ROS/RNS using indicators such as cold and mechanical
hypersensitivity in an SNI mouse model, it is important to
note that this is not an example of chronic neuropathic pain
in humans. In an acute injury mouse model such as SNI model,
the role of invading macrophages is to mediate an oxidative/
nitrosative burst to destroy any pathogens at the injured site, and
help in tissue repair. The oxidative burst by macrophages at the
site of injury is required for promoting tissue repair and is a
necessary process for healing rather than a debilitating
pathological process (Santabarbara-Ruiz et al, 2015; Yang
et al., 2019). Therefore, we propose that TRPA1 activation on
the sensory neurons is elicited by ROS/RNS coming from the
invading macrophages (Figure 2) and subsequent induction of
pain serves as a protective stimulus in an acute injury SNI mouse
model to reduce limb movement and expedite the healing
process, rather than a pathological stimulus that causes
chronic debilitating neuropathic pain.

Several studies have shown AT,R activation actually inhibits
oxidative stress and reduces ROS levels. For example, CGP42112,
an AT,R agonist, is shown to suppress oxidative stress and
NADPH oxidase (NOX) expression in a rotenone model for
Parkinson’s Disease in CATH.a cells (Lu et al, 2015). In
microglia, AT,R activation is shown to inhibit NOX
activation, ROS production, and pro-inflammatory microglia
activation, and promote immunoregulatory microglia. These
protective effects of AT,R involve the protein phosphatase 2A
(PP2A)-mediated inhibition of protein kinase C (PKC), that
prevents the NOX activation, ROS generation, and subsequent
pro-inflammatory activation of microglia (Bhat et al., 2019). In
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FIGURE 2 | Molecular mechanisms AT,R-mediated nociception (A). Spared Nerve Injury (experimental injury) in mice activates tissue RAS, and increases Ang |I.
Ang Il (V) binds to AT,R (W) on macrophages. At the same time macrophages are attracted to the injury site by macrophage chemoattractants (MCQ). Those
macrophages that interact with MC are directed to injured tissue. (6): TRPA1 Nociceptor in DRG. (B). Macrophages with AT,R (W) at the injured site bind Ang Il (V) and
undergo respiratory burst (RB), an innate immune response that is an integral part of removal of any pathogens, and activates macrophage erythropoietin signaling
to promote acute inflammation resolution. According to Shepherd et al., reactive oxygen/nitrogen species (ROS/RNS [e]) generated during this process activates TRPA1
nociceptors (#) in DRG and cause pain. Since AT,R is a reparative/wound healing molecule, its involvement in activating respiratory burst of macrophages, an essential
mechanism for inflammation resolution, and thereby indirectly activating TRPA1 nociceptors is part of a protective pain mechanism rather than debilitating chronic
neuropathic pain.

human coronary vascular smooth muscle, another AT,R agonist,
NP-6A4 has been shown to suppress Doxorubicin-induced
increase in cellular ROS (Toedebusch et al., 2018). These
observations raise the question that if AT,R activation in
neuronal cells and microglia reduces ROS levels and protects
these cells from ROS/RNS-induced injury, will AT,R activation in
these cells attenuate ROS-induced TRPA1 activation?

AT,R-Mediated Nociceptive- and
Anti-Nociceptive Actions: A Summary of

Further Studies

Aside from the studies of Shepherd et al., 2018, a number of other
studies performed during the past 20-30 years have indicated
nociceptive-or anti-nociceptive actions of AT,R. These are
summarized in Table 1, and certain of them are discussed in
more detail below.

Two early studies indicated an anti-nociceptive role of AT,R.
First, it was shown 2 decades ago that Ang II-mediated activation
of brain AT,R is anti-nociceptive in a mouse model of pain
induced by acetic acid-induced abdominal constriction
(Georgieva and Georgiev, 1999). In this model, abdominal
constrictions were counted at 5-min intervals for 30 min and
intracerebroventricular (ICV) administration of Ang II at doses

of 0.05, 0.1, and 1 microg exerted a dose-dependent anti-
nociceptive effect. PD123319 (also delivered via ICV)
suppressed these Ang II-induced anti-nociceptive effects while
losartan had no effect. The authors concluded that the Ang II-
induced anti-nociceptive effect required AT,R signaling in
this model.

A second study examined whether AT,R influences pain
threshold. Sakagawa et al. (2000) used AT,R deficient mice
and demonstrated that pain threshold was significantly lower
in these animals compared to wild type mice. They also found
that AT,R deficiency did not modulate learning behavior and
brain edema formation, but AT,R deficient mice had lower levels
of B-endorphin in the arcuate nucleus of the medial basal
hypothalamus (ARC) compared to wildtype mice. Moreover,
they did not find any differences between AT,R deficient mice
and wild type mice in passive avoidance task and cold injury
indicating that lack of AT,R did not provide any advantage in
handling these types of pain.

A more recent study suggests a nociceptive action of AT,R. In
that study, it was demonstrated that another AT,R antagonist,
EMA300, inhibits peripheral neuropathic pain, again not via
effects on neuronal AT,R function (Khan et al, 2017). EMA
300 and 401 are small compounds that have high selectivity for
the AT,R (>1000-fold binding selectivity for the AT,R over
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TABLE 1 | Studies that imply Nociceptive - or Anti-Nociceptive roles for AT,R in pain.

AT,R action Animal model/Tissues

Nociceptive

Anti-
Nociceptive

affected

Sciatic nerve injury (rat,
mouse)/hind-paw
hypersensitivity

Clinical trial: Post
-herpetic neuralgia

Clinical trial: Post
-herpetic neuralgia

Rat model of prostate
cancer-induced bone
pain

Rat model for acetic
acid-induced abdominal
writhing —chemical injury

Mouse model for tail flick
and tail-pinch tests

Mouse model for
Mycobacterium ulcerans
infection or mycolactone
injection

Vincristine (VCR)-
induced neuropathy in
mice; mechanical
allodynia

Nerve injury

Unilateral chronic
constriction injury (CCl) of
the sciatic nerve

CCl of the sciatic nerve -
hind paw hypersensitivity

Rodent hind paw model of
inflammatory pain: thermal
and mechanical
hypersensitivity

SNI-induced peripheral
neuropathy: Mechanical or
cold-induced
hypersensitivity

SNI-induced peripheral
neuropathy: Mechanical or
cold-hypersensitivity

Skin and nerve fibers

Skin and nerve fibers

Hind-paw hypersensitivity

Abdominal muscles and
nerves

Tail tissue and nerve fibers

Foot pads for infection and
tail flick assay; tail tissue,
nerve fibers and in vitro
studies on PC12 neurons

Non-peptidergic
intragpidermal nerve fibers;
myelinated nerve fibers in
the sciatic nerve

Drug dose/Route
or receptor
manipulation

EMA200, EMA300,
EMA400 (1-10 mg
bolus) - IP

EMAS300 (10 mg/kg) - IP

PD123319 (5 mg/kg/
day) - IP infusion
PD123319 (10 mg/kg
bolus) - IP

PD123319 (10 mg/kg) -
P

PD123319 (10 mg/kg) -
P

EMA401 (100 mg, twice
daily) - PO

EMA401 (25 mg, or 100
mg, or 300 mg, twice
daily)

EMA200 (0.3-10 mg/kg
bolus) - IV

Ang I (0.05-1.0 pg
bolus) - ICV + PD123319
(10 ug bolus) -ICV + los
(25 pg bolus) - ICV

AT,R-deletion

Mycolactone acts as
AT,R agonist

Compound 21
(0.3 mg/kg/day, for 16
days) - IP

Outcome

AT,R antagonists elicited
analgesia (EMA400 >
EMAS300 > EMA200)

AT,R antagonist elicited
analgesia

Inhibits nociceptor
hyperinnervation and
hypersensitivity inhibits
thermal hypersensitivity

AT,R antagonist
attenuated mechanical or
cold-hypersensitivity

AT,R antagonist elicited
analgesia

AT,R antagonist provides
superior relief of pain
associated with
postherpetic neuralgia

Study was prematurely
terminated. No positive
outcomes and pre-clinical
toxicity data

AT,R antagonist elicited
dose-dependent analgesia

Ang - induced anti-
nociception blocked by
AT.R antagonist, not by
AT4R antagonist

Pain threshold significantly
lower in AT,R-deficient
mice

Pain threshold significantly
lower in mice exposed to
mycolactone

AT,R agonist restored
normal mechanical
sensitivity in VCR-treated
mice

AT,R: Protective or Debilitative in Pain

Mechanism

Inhibition of CD3* T cell infiltration
and increase in nerve growth
factor NGF

Prevents nociceptor
hyperinnervation associated with
inflammatory pain

Macrophage AT.R promote
ROS/RNS production and
subsequent activation of TRPA1
On Sensory neurons

Decreased Ang Il level, increased
NGF/trkA signaling, inhibition of
p38- and Erk MAP kinase
activation

Decreased levels of p-endorphin
in brain

Mycolactone through AT2R leads
to potassium-dependent hyper-
polarization of neurons

Prevention of non-peptidergic C
fiber loss; protection against
VCR-induced loss and
enlargement of myelinated nerve
fibers in the sciatic nerve

References

Smith et al. (2013)

Khan et al. (2017)

Chakrabarty et al.
(2013)

Shepherd et al.
(2018)

Shepherd and
Mohapatra (2019)

Rice et al. (2014)

https://clinicaltrials.

gov/ct2/show/
NCT03094195

Muralidharan et al.
(2014)

Georgieva and
Georgieva (1999)

Sakagawa et al.
(2000)

Marion et al. (2014)

Bessaguet et al
(2018)

Key: Ang Il = angiotensin Il; PD123319, EMA200, EMA300, EMA400, EMA401 are all AT,R antagonists; C21, AT.R agonist; IP, intraperitoneal; IV, intravenous; PO, oral; ICV,
intracerebroventricular.

AT|R). In a randomized, double-blind, placebo-controlled
clinical trial that involved 183 patients with post herpetic
neuralgia, twice-daily oral administration of EMA401 that
cannot enter the brain evoked significant analgesia (Rice et al,
2014). To understand the molecular mechanisms underlying
anti-neuropathic pain effects of the EMA compounds, Khan

et al.,, investigated the effects of a single intraperitoneal bolus
dose of EMA300 (10 mg/kg), or vehicle on unilateral hindpaw
hypersensitivity in rats following chronic constriction injury
(CCI) of the sciatic nerve. Similar to the 2018 Shepard et al.,
study, these authors also found a significant increase in Ang II
levels in the injured (ipsilateral) DRG neurons. They also found
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an increase in CD3" T cell infiltration in the vehicle treated
ipsilateral lumbar DRGS that contributed to the increase in Ang II
levels, and this infiltration was suppressed by EMA300 treatment.
Importantly, they did not find any changes in the expression
levels of AT,R in vehicle treated ipsilateral DRG neurons. The
authors concluded that the effect of EMA300 on pain reduction is
mediated via inhibition of CD3" T cell infiltration and an increase
in nerve growth factor NGF. However, it is unclear whether these
Ang II/AT,R expressing CD3" T cells were actually cytotoxic in
this study. This question is very relevant considering that there is
evidence that shows infiltration of AT,R expressing CD8" T cells
to injured tissue does not have to be cytotoxic. For example,
during ischemic heart injury there is an increase in infiltration of
AT,R expressing CD8" T cells. Activation of AT,R in these cells
contributed to IL-10 production and intramyocardial
transplantation of CD8" AT,R + T cells actually reduced
ischemic heart injury (Curato et al, 2010). Therefore,
additional studies are needed to understand the exact role
(pro-inflammatory or anti-inflammatory) of Ang II/AT,R
expressing CD3" T cell infiltration in this CCI injury site.

It is important to note that activation of p38 mitogen-activated
protein kinase (MAPK) and phosphorylated-p44/p42 MAPK as
well as Erk1/2 can occur in response to Ang II mediated via AT;R
(Wei et al.,, 2008; Xiao et al., 2013; Nemoto et al., 2015). In the
studies using PD123319 and EMA300, activation of these
pathways in sensory neurons in response to SNI, CCI, or Ang
II injection were observed and their inhibition by either
PD123319 or EMA300 was considered as evidence that these
pathways are activated by AT,R. Both PD123319 and EMA300
only have increased selectivity to AT,R, not an absolute lack of
affinity to AT;R. Thus, in the absence of antagonists for AT,R
that absolutely do not bind AT R even at higher doses, it is
difficult to say whether the observed effects of these drugs on
immune cell infiltration and subsequent reduction in Ang II
levels at the site of nerve injury that attenuates mechanical or
cold hypersensitivity is actually mediated via AT R or AT,R
inhibition. Additionally, it has been demonstrated that p38
MAPK activation mediated through AT;R on spinal
astrocytes and neurons is involved in Ang II- And III-
induced nociceptive behavior in mice and this effect was
inhibited by losartan and p38 MAPK inhibitor SB203580, but
not by the AT,R antagonist PD123319, the MEK1/2 inhibitor
U0126 or the NK inhibitor SP600125 (30). Moreover, the clear
evidence that AT,R agonism suppresses oxidative stress (ROS/
RNS) in neurons and glia that can prevent TRPA1 activation,
and that neither DRG-neuronal nor peripheral-macrophage
AT,R activate TRPA1 (the mediator of mechanical and cold
hypersensitivity) in these cells, questions whether AT,R is
actually a pain inducer for neuropathic pain. This contention
is supported by recent studies which demonstrate that the non-
peptide AT,R agonist Compound 21 is protective against
vincristine-induced neuropathic pain (Bessaguet et al., 2018).
The same group had earlier demonstrated that the beneficial
effects afforded by the AT;R blocker candesartan in
resiniferatoxin-induced neuropathic pain were due to
generation of Ang II and stimulation of the AT,R (Bessaguet
et al., 2017).

AT,R: Protective or Debilitative in Pain

It is important to note that Novartis Pharmaceuticals
acquired the AT,R antagonist EMA401 through its US$200
million acquisition from Spinifex Pharmaceuticals in 2015 to
develop it as a drug for indications including Diabetic
neuropathies, Neuropathic pain, and Post-herpetic
neuralgia. Its brand name is Olodanrigan and if it could
have been successfully commercialized, the deal could have
topped over $1billion. Thus, Novartis initiated new clinical
trials to validate the protective effect that this AT,R antagonist
had previously showed in the Rice et al. (2014) paper.
However, according to the new reports in 2020, Novartis
has discontinued the drug (https://adisinsight.springer.com/
drugs/800022957;  June 10, 2020 update: https://
biotechdispatch.com.au/news/disappointment-for-australian-
innovation). The data posted on the clinical trial site for ‘Dose
Response Study of EMA401 in Patients With Post-herpetic
Neuralgia (PHN) (EMPHENE)’ (https://clinicaltrials.gov/ct2/
show/NCT03094195, last update posted May 14, 2020) states
that patient recruitment was “Terminated (The study was
terminated early due to pre-clinical toxicity data that
became available after start of trial)”. The study was
supposed to use three doses of EMA401 (25, 100 or 300 mg)
administered twice daily via oral delivery. They completed the
25 and 100 mg studies along with placebo in a total of 129
participants. Thus far, data (with p values) has been provided
for two outcome measures The outcome measure on ‘Change
in Weekly Mean 24-h Average Pain Score Using the 11 Point
Numerical Rating Scale (NRS) From Baseline to Week 12’ did
not show significant statistical difference for either 25 mg or
100 mg doses compared to placebo (p values 0.689 and 0.350
respectively). The outcome measure on ‘Percentage of Patients
Achieving at Least 30% Pain Reduction at Week 12 on NRS 11
Point Scale’ also did not show significant statistical difference
for either 25 or 100 mg compared to placebo (p values 0.908
and 0.609 respectively). Countries participating in the study
were Australia, Austria, Belgium, Canada, Czech Republic,
Denmark, France, Germany, Hungary, Italy, Japan, South
Korea, Norway, Poland, Portugal, Slovakia, Taiwan,
United Kingdom, Spain. These new developments regarding
the safety and efficacy of EMA401 and its potential as a drug
for neuropathic pain are not in accordance with its expected
protection from neuropathic pain in humans.

Conversely, these results may not be surprising considering
the protective effects of AT,R in many tissues as described in
previous sections, and the loss of such protection resulting from
inhibition of AT,R signaling induced by the systemically
administered AT,R antagonist. In this context, it is
noteworthy that loss of AT,R expression due to the intronic
G1675A or A1818T polymorphism in men is associated with
impaired kidney function, pulse pressure, and increased arterial
stiffness (Pettersson-Fernholm et al., 2006; Cwynar et al., 2016).
Thus, existing human data indicate that in humans systemic
suppression of AT,R is not a safe approach.

Given the conflicting data on the ability of EMA401 to protect
humans from PHN, the question remains whether AT,R is
actually the appropriate target for neuropathic pain in
humans. Conversely, Mycobacterium ulcerans induces severe
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lesions (Buruli Ulcer) without pain in humans. Pre-clinical
studies show that mycobacterial polyketide mycolactone is
responsible for this phenomenon and this effect is achieved by
mycolactone-induced activation of AT,R leading to potassium-
dependent hyperpolarization of neurons that induces analgesic
effects (Marion et al., 2014). Collectively, these observations argue
against AT,R’s role in causing neuropathic pain.

CONCLUSIONS

There are conflicting reports as to the role and activity of AT,R
in pain, with some studies concluding that AT,R are pro-pain,
while others conclude that AT,R are anti-pain. The picture on
the role of AT,R in pain is likely muddied by the fact that pain
itself is not straightforward-on the one hand it can be protective
in terms of discouraging an individual not to use (for example)
an injured limb or other body part, but on the other hand it can
be debilitating neuropathic pain without protective value. In the
context of AT,R and pain, many of the studies which concluded
that AT,R antagonists are beneficial in neuropathic pain utilize
acute nerve injury or inflammatory pain models that are
different from and do not mimic chronic neuropathic pain.
Moreover, the recent clinical trial EMPHENE by Novartis
Pharmaceuticals to test the effect of Olodanrigan (AT2R
antagonist EMA401) on neuropathic pain in PHN patients
was prematurely terminated due to additional pre-clinical
data indicating drug toxicity. Additionally, available clinical
trial data did not show any statistically significant positive
outcomes after 12-weeks of treatment. These observations
challenge the concept that AT,R antagonism protects
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