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Abstract
Growing evidence implicates the renin–angiotensin system (RAS) in multiple facets of neuropathic pain (NP). This narrative review
focuses primarily on the major bioactive RAS peptide, Angiotensin II (Ang II), and its receptors, namely type 1 (AT1R) and type 2
(AT2R). Both receptors are involved in the development of NP and represent potential therapeutic targets. We first discuss the
potential role of Ang II receptors in modulation of NP in the central nervous system. Ang II receptor expression is widespread in
circuits associated with the perception and modulation of pain, but more studies are required to fully characterize receptor
distribution, downstream signaling, and therapeutic potential of targeting the central nervous system RAS in NP. We then describe
the peripheral neuronal and nonneuronal distribution of the RAS, and its contribution to NP. Other RASmodulators (such as Ang (1-
7)) are briefly reviewed as well. AT1R antagonists are analgesic across different pain models, including NP. Several studies show
neuronal protection and outgrowth downstream of AT2R activation, which may lead to the use of AT2R agonists in NP. However,
blockade of AT2R results in analgesia. Furthermore, expression of the RAS in the immune system and a growing appreciation of
neuroimmune crosstalk in NP add another layer of complexity and therapeutic potential of targeting this pathway. A growing number
of human studies also hint at the analgesic potential of targeting Ang II signaling. Altogether, Ang II receptor signaling represents a
promising, far-reaching, and novel strategy to treat NP.

Keywords: Angiotensin, Neuropathy, ACE inhibitor, Neuroimmune interactions, Macrophages, Type 1 angiotensin receptor,
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1. Introduction

Neuropathic pain (NP) is among the most challenging conditions
to treat effectively, affecting 7% to 10% of those with chronic
pain.130 The most common NP conditions include diabetic,
alcohol, and drug-induced neuropathy, and too commonly
proper analgesia is not achieved by currently available medica-
tions.144 As such, many alternative drug targets have been
studied for their analgesic efficacy. Angiotensin receptor blockers
are one such group of potential targets, and there are a growing
number of promising preclinical and clinical studies showing the

effectiveness of different Ang II receptor modulators in NP.5,122 A
large number of studies have explored the pathophysiological
roles of the renin–angiotensin system (RAS) pertaining to the
vasculature, heart, kidney, and brain, in the contexts of in-
flammation and damage repair, metabolic dysfunction, and ag-
ing. These topics have recently been reviewed comprehensively
elsewhere.40 The present review focuses on RAS signaling in NP
and the novel therapeutic opportunities represented by recent
discoveries.

The RAS was first described in the late 19th century as an
endocrine modulator of systemic blood pressure.8 Angiotensin II
(Ang II) is the major bioactive octapeptide responsible for
vasoconstriction and stimulating secretion of aldosterone and
vasopressin, increasing sodium and fluid retention. Ang II is
derived from the inactive precursor angiotensinogen, which was
first shown to be released into the circulation by the liver (Fig. 1).
Angiotensinogen is first cleaved by renin, yielding the inactive
intermediate angiotensin I (Ang I). Angiotensin-converting en-
zyme (ACE) then catalyzes the conversion of Ang I into Ang II.
Additional proteases that catalyze the production of Ang II were
discovered more recently, such as cathepsins, carboxypepti-
dases, and aminopeptidases.89 Ang II binds with similar affinity to
the G-protein-coupled receptor subtypes AT1R and AT2R in
multiple cell and tissue types (Fig. 2).99 Unlike humans, mice and
rats underwent a gene duplication event and express 2
pharmacologically identical isoforms of AT1R with different
expression patterns, termed AT1a and AT1b.61,112 Other
fragments besides Ang II (Ang 1-8) are formed by alternative
pathways, such as Ang III (Ang 2-8), Ang IV (Ang 3-8), and Ang (1-

Sponsorships or competing interests that may be relevant to content are disclosed

at the end of this article.

M. Balogh and C. Aguilar contributed equally to this work.

Laboratories of Neuroimmunology, Division of Internal Medicine, Department of

Symptom Research, The University of Texas MD Anderson Cancer Center,

Houston, TX, USA

*Corresponding author. Address: Laboratories of Neuroimmunology, Department of

Symptom Research, the University of Texas MD Anderson Cancer Center, Unit

1055, 6565MDAnderson Boulevard, Houston, TX 77030. Tel.:11 (713) 745-7959;

fax: 11 (832) 750-5153. E-mail address: ajshepherd@mdanderson.org (A.J.

Shepherd).

Copyright© 2020 The Author(s). Published byWolters Kluwer Health, Inc. on behalf

of The International Association for the Study of Pain. This is an open access article

distributed under the terms of the Creative Commons Attribution-Non Commercial

License 4.0 (CCBY-NC), where it is permissible to download, share, remix,

transform, and buildup the work provided it is properly cited. The work cannot be

used commercially without permission from the journal.

PR9 6 (2021) e869

http://dx.doi.org/10.1097/PR9.0000000000000869

6 (2021) e869 www.painreportsonline.com 1

mailto:ajshepherd@mdanderson.org
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://dx.doi.org/10.1097/PR9.0000000000000869
www.painreportsonline.com


7).3,38 These endogenous products activate different receptors
and play different physiological roles. Currently, there are 4
separate receptor types described: AT1R, AT2R, AT4R (receptor
of Ang IV), and the AT7R/Mas receptor (receptor of Ang (1-7))
(Fig. 1). AT1R preferentially binds Ang II and Ang III. AT2R
preferentially binds Ang II and Ang III with similarly high affinity and
is a lower-affinity receptor for Ang IV and Ang (1-7).18 Ang IV also
binds to AT4R, also known as insulin-regulated membrane
aminopeptidase/IRAP.39 Ang IV inhibits IRAP, thereby extending
the half-life of “analgesia-promoting” peptides that are otherwise
cleaved by the receptor’s enzymatic activity (eg, vasopressin,
oxytocin, and somatostatin48,57,84). Ang (1-7) is formed fromAng I
and Ang II by the activity of the ACE homolog angiotensin-
converting enzyme-2 (ACE2), in an alternate RAS pathway to the
ACE/Ang II pathway. Ang (1-7) binds to the Mas1 proto-
oncogene GPCR, commonly referred to as the Mas receptor,
MasR. This collection of ligands, receptors, and physiological

functions has many important implications for NP because they
operate in the central and peripheral nervous systems, as well as
nonneuronal cells known to influence NP (eg, leukocytes). The
modulators of these receptors reviewed in the present article are
listed in Table 1.

2. Angiotensin receptors in the brain: relevance to
neuropathic pain

2.1. Angiotensin signaling in the brain: angiotensin receptors
and functions

AT1Rs at sites controlling autonomic and hormonal responses in the
brain are the chief drivers of the classic Ang II-induced pressor and
dipsogenic responses.38,131,134 In addition to mediating the blood
pressure and fluid balance functions of the RAS, Ang II plays a
significant role in nervous system function and pain-related
mechanisms.4,116 The first study hinting at a central nervous system

Figure 1.Schematic depicting the renin–angiotensin systemwith receptors, inhibitory drugmolecules, and downstreamprocesses relevant to NP.Historically, the
sources of angiotensinogen, renin, and ACE were first identified as the liver, kidney, and lung epithelia, although more recent studies have identified expression of
these components in many other cell types, including those in the CNS and peripheral nervous system. Physiological processes of relevance to NP described in
this review are listed downstream of their respective receptors. AGT, angiotensinogen; ACE, angiotensin-converting enzyme; Ang, angiotensin; AT1R and AT2R,
angiotensin II type 1 and type 2 receptors; AT4R, angiotensin IV-specific receptor; AT7R/Mas receptor, Ang (1-7) receptor; CeA, central nucleus of the amygdala;
CNS, central nervous system; PVN, paraventricular nucleus of the hypothalamus.

Figure 2. Overview of RAS expression in peripheral, central neuronal, and nonneuronal structures related to NP. Structures within the sagittal rodent brain of
known relevance to RAS signaling are labeled accordingly. Expression patterns have been reported consistently in the literature, with the possible exception of
AT2R in DRG neurons. CeA, central amygdala; CVLM, caudal ventrolateral medulla; DRG, dorsal root ganglion; Hipp, hippocampus; NP, neuropathic pain; RAS,
renin–angiotensin system; PVN, paraventricular nucleus; SGC, satellite glial cells.
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(CNS)-related function of the RAS showed a centrally mediated
pressor response initiated by intracerebroventricular injection of Ang
II.16 Because Ang II does not penetrate the blood–brain barrier, the
studywas the first indicationof a new, nontraditional role of adiscrete
nervous system RAS. This discovery was followed some years later
by the description of a separate, brain-based expression of renin by
Jacques Genest’s group.44 Although products of the “circulating
RAS” produced in the periphery can access the circumventricular
organs,46,81 the majority of brain structures are likely only able to
respond to RAS components produced within the brain itself.
Subsequent studies demonstrated widespread expression of all
necessary precursors and enzymes required to produce angioten-
sin. Themajority ofCNSangiotensinogen is producedby astrocytes,
although neurons can also contribute.51 In addition, the receptors
AT1R and AT2R are expressed by neurons, astrocytes, oligoden-
drocytes, and microglia throughout the brain.3,67,128,131 This
“cerebral RAS” has subsequently been implicated in learning and
memory, regulation of affective responses, and processing of
sensory input.131 These findings formed the basis for the eventual
exploration of the RAS—in the brain and elsewhere—in the context
of pain.

AT1a, AT1b, and AT2 receptor subtypes are found in areas
associated with pain relay, modulation and perception, such as
thalamic and hypothalamic nuclei, locus coeruleus, central
amygdala (CeA), and solitary tract nucleus28,29,102 (Fig. 2). Ang
II inhibits activity in theCeA, a highly important structure for NP, as
it receives input from the dorsal horn through the parabrachial
nucleus.58 Ang II inhibits CeA activity by activating postsynaptic
AT1Rs and facilitating GABAergic synaptic input.56 Impairments
in GABAergic inhibition occur in theCNS inNP,70 but the extent to
which this could be targeted by facilitating Ang II-AT1R signaling
remains to be established. The activation of AT1Rs in the CNS
has also been associated with neuroinflammatory responses,
such as M1-like polarization of microglia.67 This induction of a
proinflammatory glial phenotype and ROS production are well-
established features of many NP states.50

2.2. Processes induced by the dysregulation of the cerebral
renin–angiotensin system

Thediverse functionsof the cerebral RASare still not fully understood.
A more complete understanding of the glial and neuronal subtypes
involved, the circuitry, and circumstances triggering such signaling
events will be required to delineate the functions of its different
receptors and neuropeptides in different pathological processes,
including NP. Nevertheless, the cerebral RAS seems to play an
important role in neuroprotection. Its dysregulation seems to be an
important factor in different neurodegenerative diseases, which hints
at potential involvement in NP. The role of the cerebral RAS
specifically in neurodegenerative diseases has recently been
reviewed elsewhere.38,135

Kandalam and Clark postulated that Ang II might participate in
inflammatory and proliferative pathways in the brain through JAK/
STAT signaling and IL-6 production, which are in turn associated
with astrocyte proliferation and maintenance of NP.63,127 In
addition, NP conditions are associated with dysregulation of
dopaminergic signaling.133 To the best of our knowledge, a direct
connection between dopaminergic disruption and the cerebral
RAS has not been established in the context of NP. However,
dopaminergic deficiency observed in the early stages of
Parkinson disease has been associated with induction of
neuroinflammation by activation of glial RAS.33 This raises the
possibility that similar neuroinflammation in NP is driven at least in
part by glial RAS. In accordance with these results, a study from
the Garrido-Gil laboratory suggested that the cerebral RAS
modulates dopamine release, possibly through mutual regulation
of dopamine and angiotensin receptors, with dysregulation of
these interactions leading to overactivation of local RAS, neuro-
inflammation, oxidative stress, and neuronal death.45 It is now
clear that the cerebral RAS influences the complex processes of
neuroinflammation, neuroregeneration, and neuroprotection.
However, how these changes might be linked to the pain
modulatory action of different RAS components is not fully
understood. Nevertheless, there are a growing number of studies
aimed at improving our understanding of the role of cerebral RAS
in different pain processes.

2.3. Possible future therapeutic implications of the brain
renin–angiotensin system in neuropathic pain

There is evidence to suggest the cerebral RAS can promote or
inhibit pain responses, depending on the cells/structures
targeted and the receptor subtypes involved. For example, local
administration of Ang II in the caudal ventrolateral medulla caused
hyperalgesia in rodent tail-flick and formalin tests. This hyper-
algesia was significantly attenuated by local administration of
losartan (AT1R antagonist; Tables 1 and 2).79 These results
suggest that Ang II may exert pronociceptive effects in
components of the supraspinal pain control system. However,
Parlo et al.101 showed that Ang I, II, or III injected into rat
periaqueductal gray induced dose-dependent antinociception in
the tail-flick test. This effect of Ang II on the ventrolateral PAGwas
inhibited by prior local administration of saralasin, a nonselective
angiotensin receptor antagonist. Ang II also activates spinally
projecting paraventricular nucleus (PVN) neurons by AT1R-
mediated attenuation of GABAergic (but not glutamatergic)
synaptic inputs into the PVN.71 This observation is consistent
with the finding that electrical stimulation of the PVN increases
pain threshold.139 Because the activity of the ACE2-Ang (1-7)-
AT7R/Mas receptor axis tends to oppose the activity of AT1R
signaling,41 augmenting MasR signaling may offer an additional
approach to achieve similar analgesia.

Table 1

List of drugs and compounds referenced in this review.

ACE inhibitors AT1R antagonists AT2R antagonists Other compounds (Function)

Enalapril
Trandolapril
Quinapril

Candesartan
L-158809
Losartan
Telmisartan
ZD7155

PD123177
PD123319/EMA200
EMA300/400/401

Compound 21 (AT2R Agonist)
A779 (AT7R/MasR antagonist)
Saralasin (nonselective ATR antagonist)
SB203580 (p38 MAPK inhibitor)
L-NOarg (nonselective NOS inhibitor)
L-NPA (neuronal NOS inhibitor)
Glibenclamide (KATP channel blocker)

ACE, angiotensin-converting enzyme; MAPK, mitogen-activated protein kinase; NOS, NO synthase.
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In addition to AT1R, cerebral AT2R might also be an important
regulator of pain threshold, as indicated by Sakagawa et al.111

They found increased pain sensitivity in tail-flick and tail-pinch
tests in AT2R-deficient animals, a finding that was associated
with reduced expression of b-endorphin in the arcuate nucleus of
the medial basal hypothalamus in AT2R knockout mice.

In contrast to signaling through AT1R, the activation of AT2Rs
exerts mainly neuroprotective effects. Recently, Bhat et al.
showed that AT2R activation elicits neuroprotection by inhibiting
proinflammatory processes in microglia; AT2R-mediated activa-
tion of protein phosphatase 2A prevented Ang II-induced
activation of protein kinase C, phosphorylation of p47phox, and
proinflammatory activation of microglia. ROS production, proin-
flammatory microglial activation, and sickness behaviors were
also inhibited by AT2R activation in a mouse model of neuro-
inflammation.15 Ang IV—AT4R/IRAP signaling is also thought to
be broadly neuroprotective. Ang IV increases neuronal glucose
uptake through inhibition of GLUT4 vesicular trafficking and
inhibits proteolysis of neuropeptides associated with analgesia
(eg, vasopressin, oxytocin, and somatostatin38,48,57,84). The
activation of AT4R might offer novel therapeutic opportunities
for NP, although more studies are needed to explore these
complex effects.

The activation of ACE2 might offer beneficial therapeutic
effects by enhancing Ang (1-7) availability. Ang (1-7) mainly exerts
its actions by the activation of AT7R/Mas receptors (and to a
lesser extent AT2R). In terms of neuronal processes (and feasibly
pain transduction), the ACE2-Ang (1-7)-Mas receptor axis seems
to counteract the ACE-Ang II-AT1R receptor axis, thereby
counteracting Ang II-induced nociceptive behaviors.91,92 Ang
(1-7) and its postulated functions in the cerebral RAS were
recently reviewed,113 but the possible therapeutic role of ACE2
activators in NP is a question for the future.103

How the highly complex system of the brain RAS influences the
development of different pain types, and how these processes
might be used therapeutically is far from fully understood. As the
neuroprotective effects and inhibitory facilitation of some
angiotensin receptor agonists came to light, research began to
focus on potential therapeutic implications of the peripheral RAS
and angiotensin receptors. Indeed, EMA401 (the first AT2R
antagonist analgesic reaching clinical trials) was not found to
penetrate the CNS, yet proved to be a potent analgesic for the
treatment of NP5,121 (see section 4).

3. Angiotensin receptors in spinal and peripheral
neurons and relations to neuropathic pain

3.1. Angiotensin signaling at the spinal cord and dorsal
root ganglion

Although the majority of the research on RAS in NP focuses on
peripheral injury, there are findings that are likely to be relevant to
injury due to CNS trauma, eg, spinal cord injury. Such trauma is
characterized by neuroinflammation, leukocyte infiltration, and
neuronal apoptosis.19,42,114 The ability of Ang II to induce
chemokine expression in myocardium and vascular smooth
muscle69,132 suggests that Ang II production might also underlie
leukocyte infiltration and subsequent pathology after CNS injury.
Indeed, Füchtbauer et al. found that Ang II signaling to astrocytes
through AT1R regulates leukocyte infiltration into the CNS in
response to axonal lesioning.43 Blocking AT1R with candesartan
significantly increased numbers of infiltrating macrophages. The
infiltration of macrophages at sites of neuronal injury is seen
across multiple models of neuropathy and shows a strong

connection with activation of the RAS, as described in section 4.
Wu et al. hypothesized that cerebral AT2Rs are neuroprotective
and support neuronal survival in response to ischemia-induced
neuronal injury through inhibiting AT1Rs.136 A recent study by
Abdul-Muneer addressed neuroinflammation and apoptosis in a
cell culture model of neuronal stretch injury.1 They showed that
stretch injury increases Ang II, causing the release of proin-
flammatory cytokines and oxidative stress. The AT1R antagonist
losartan attenuated the oxidative stress, reducing neuroinflam-
mation and cell death. AT1R expression is upregulated after injury
in this model, which was also counteracted by losartan. These
interesting findings help further our understanding of the
mechanisms by which AT1R antagonists exert anti-
inflammatory and neuroprotective effects, but it should be further
explored in vivo across different pain models. Notably, some
studies suggest that the beneficial (anti-inflammatory and neuro-
protective) effects of competitive AT1R antagonists might be due
to facilitation of AT2R signaling. This issue is discussed further in
section 3.2.

Numerous studies indicate that the spinal cord expresses RAS
peptides and receptors described in the cerebral RAS in the
previous section.95 Ang II acts as a neuromodulator in spinal pain
transmission, which is supported by the finding that spinal
administration of Ang II elicits nociceptive behaviors in different
pain models.90,95 Ang II and AT2R were shown in peripheral
neuronal tissues that are crucial in pain transmission: rat and
human dorsal root ganglion (DRG) and in trigeminal ganglia.
Transcripts for renin, angiotensinogen, and ACE are all expressed
in rat DRG neurons and other cell types (eg, blood vessels and
satellite glia).20 In addition, Ang II colocalized with substance P
and calcitonin gene-related peptide (CGRP)-containing DRG
neurons, which further supports its role in nociception.4,59,98,99

Angiotensinogen and ACE mRNA were detected in rat DRG by
Patil et al. Furthermore, a combination of in situ hybridization and
immunohistochemistry revealed colocalization of angiotensino-
genmRNA and Ang II immunoreactivity in most rat DRG neurons.
This indicates angiotensinogen can be produced intraneuronally
in the DRGand that uptake from circulationmay not be necessary
for the local formation of Ang II.98 Neuronal expression in DRG is
in contrast to the brain, where angiotensinogen is predominantly
expressed by astrocytes, neurons, and cerebral endothelial cells
to a lesser extent.143

Mitogen-activated protein kinase (MAPK) phosphorylation
seems to be a key player in Ang II-mediated transduction of pain
signals.86,90,92 Mitogen-activated protein kinases are activated
by phosphorylation and play crucial roles in cell signaling and
gene expression. Evidence shows that spinal p38 MAPK is
activated after neuronal injury; consequently, it is a major
contributor to the development and maintenance of NP.60

Several Ang II signaling modulators influence pain transmission,
at least in part, by counteracting Ang II-induced MAPK signaling.
Another key component of Ang II-mediated signaling is p42/p44
MAPK (ERK1/2), which is essential for induction of AT2R-
mediated neurite outgrowth.53 It is conceivable that such Ang
II-mediated neurite outgrowth/regeneration is beneficial when
target reinnervation is achievable after nerve injury. However,
futile regeneration is maintained if the nerve injury is too severe to
be repaired.137 Taken together, AT2R activation induces
pleiotropic effects, both of which have potential clinical signifi-
cance. p38 MAPK activation contributes to NP symptoms,
whereas the ERK1/2 pathway seems to moderate the neuro-
trophic effects. Although the exact role of different Ang II
receptors (mainly AT1R vs AT2R) in the development and
possible management of NP is not yet clear, the following
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sections describe studies that have evaluated the relationships
between different angiotensin receptor subtypes and pain.

3.2. Angiotensin II type 1 receptor modulators and
neuropathic pain

Considering that AT1R signaling is proinflammatory in other
tissues and organ systems82 and is expressed along the pain
neuraxis, it was hypothesized that AT1R also contributes to
pathological pain states (the reviewed AT1Rmodulators are listed
in Table 2). For example, Nemoto et al. found that intrathecal
losartan (an AT1R antagonist) produces an antinociceptive effect
through the inhibition of p38MAPK phosphorylation in themouse
formalin test.93,94 Subsequent studies in NPmodels showed that
systemic administration of losartan was analgesic in paclitaxel-
induced NP, an effect achieved by inhibiting the inflammatory
mediators p-NFkB, IL-1b, TNF-a, and CCL2/MCP-1 in rat
DRG.66 AT1Rs were found to be expressed in both neurons
and satellite cells in the DRG. Affirming these results, Yuksel
et al.141 found that systemic delivery of telmisartan (also an AT1R
antagonist) significantly improved nerve healing by inhibiting
production of IL-1b and caspase-3 in nerve crush and
transection NP models in rats. Based on these findings, the
authors concluded that AT1R inhibitors could be used to improve
peripheral nerve regeneration after injury.

Diabetic neuropathy represents a unique intersection of the
“classic” hemodynamic effects of Ang II signaling and its more
recently described role as an inflammatory mediator. Increased
circulating Ang II in diabetes is known to contribute to renal injury,
which can progress to chronic kidney disease and uremic
neuropathy.120 It is alsowell established that vascular dysfunction
in diabetic neuropathy drives nerve injury by impairing endoneu-
rial blood flow.17,22,126 This leads to energetic dysfunction,
inflammation, and cell death. In one study, streptozotocin-
induced diabetic rats were treated for 12 weeks with enalapril,
an ACE inhibitor, or L-158809, an AT1R antagonist.22 Interest-
ingly, treatment of diabetic rats with either compound reduced
superoxide levels in the aorta, prevented the diabetes-induced
impairment of vascular relaxation, and improved acetylcholine-
mediated vasodilation. Similarly, Ogata et al. showed that
neuropathic symptoms of streptozotocin-induced diabetic mice
were alleviated by intrathecal administration of losartan, an AT1R
antagonist, but not by PD123319, an AT2R antagonist.95 It

seems that expression of spinal ACE is increased under diabetic
conditions. This leads to an increased level of Ang II, accompa-
nied by the AT1R-dependent phosphorylation of p38 MAPK.
Collectively, this supports the observations that ACE inhibitors
and/or Ang II receptor blockers may be effective treatments for
diabetes and the attendant vascular and neural dysfunction75,107

(Tables 2 and 3). However, mechanistically disentangling direct
effects of Ang II on neuronal excitability from effects secondary to
cardiovascular/renal dysfunction may prove challenging.

Studies using inflammatory pain models suggest that AT1R
antagonists may not be universally analgesic or may differ in their
effectiveness between inflammatory and NP models. Costa
et al.24 showed that carrageenan-evoked inflammatory pain was
augmented by the AT1R antagonist losartan, aswell as the AT7R/
Mas receptor antagonist A779. These antagonists showed no
effect in chronic constriction injury (CCI). This serves as a clear
indication that suitability of analgesics must be tested across
different pain models and animal strains. Clearly, the type of pain-
inciting insult highly influences, or even determines, the effec-
tiveness of different therapeutics.

A recent study by the Snyder laboratory showed a reciprocal
interaction of AT1R with the ion channel transient receptor
potential vanilloid 4 (TRPV4) in choroid plexus epithelia.142 The
results indicated that TRPV4 activation and Ca21 influx inhibits
AT1R signaling. These results also hint at the possibility of AT1R-
mediated inhibition of TRPV4. Such reciprocal regulation is likely
conserved across other GPCR–TRP channel pairs, building upon
an earlier hypothesis that Ang II receptors expand their functional
diversity through dimerization with other GPCRs.83 Because
there is an apparent role of TRPV4 in NP,49,104 the implications for
NP should be further investigated.

3.3. Angiotensin II type 2 receptor modulators and
neuropathic pain

Anand et al. showed that expression of AT2R in small-/medium-
diameter human and rat DRG is partly colocalized with TRPV1
expression. A study by the Benitez laboratory also showed that
AT2R is preferentially expressed in nonpeptidergic (IB4-binding)
likely C-nociceptors and it is also present in peptidergic (trkA1/
SP1) neurons that encompass both small C-nociceptors and
medium-size A-neurons, which are crucial in pain transmission. In
culturedDRGneurons, Ang II potentiated Ca21 flux evoked by the

Table 2

Effects of AT1R antagonists.

Compound Model Outcome Citation

Losartan CVLM injection of Ang II (rat)
Formalin injection (mouse)
In vitro neuronal stretch injury (rat)
Ang II (i.t.; mouse)
Streptozotocin-induced diabetic neuropathy
(mouse)
Cultured human, rat DRG neurons
Paclitaxel-induced neuropathy (rat)
Chronic constriction injury (rat)
SNI (mouse)
Sciatic nerve crush (rat)
Astrocyte culture (rat)

Reduced hyperalgesia (tail-flick, formalin tests)
Antinociceptive (through p38 MAPK inhibition)
Attenuated oxidative stress, neuroinflammation, cell
death
Antinociceptive (delivered i.t.)
No effect on capsaicin responses
Alleviated mechanical hyperalgesia
No effect in Randall–Selitto test
No effect on von Frey sensitivity
No effect on nerve regeneration
Reduced Ang II-induced IL-6 secretion

79

93

1

90

95

4

66

24

117

106

63

Candesartan Vincristine-induced neuropathy (mouse)
LPS-induced neuroinflammation (rat)

Restored normal tactile sensitivity
Alleviated neuroinflammation

12

14

Telmisartan SNI (rat; axonotmesis vs anastomosis) Improved nerve regeneration 141

22L-158809 Streptozotocin-induced diabetic neuropathy (rat) Prevented vascular abnormalities

CVLM, caudal ventrolateral medulla; dorsal root ganglion; MAPK, mitogen-activated protein kinase; SNI, spared nerve injury.
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TRPV1 agonist capsaicin, along with increasing cAMP levels and
promotion of neurite outgrowth.4 Treatment with EMA401, a
selective AT2R antagonist, inhibited capsaicin-evoked responses
(compounds acting on AT2R are listed in Table 4). Although
human limb peripheral nerve segments proximal to injury showed
reduced AT2R, expression levels were preserved in painful
neuromas. This suggests maintained expression in regenerating
nerve fibers. By contrast, AT1R immunoreactivity was absent
from neurons, but strongly positive in vascular structures, human
DRG, and in other tissues. This is in agreement with other studies,
which have indicated that the expression pattern of AT2R may
contribute to its viability as a target for the treatment of NP.7

Accordingly, the AT1R antagonist losartan had no effect on DRG
neuron responses to capsaicin. The possible therapeutic role of
AT2R is also underlined by the finding that an inflammatory soup
(histamine, ATP, PGE2, bradykinin, serotonin, IL-6, TNFa, and
substance P) was found to upregulate AT2R but not AT1RmRNA
levels in cultured rat DRG neurons.9 Indeed, Smith et al. showed
that augmented Ang II/AT2R signaling in the DRG of CCI rats is
attenuated by the AT2R antagonist EMA300,123,124 with similar
attenuation in a bone cancer pain model.86 In CCI mice, the
analgesic effect was abolished in AT2R knockouts and had an
intermediate effect in the hemizygotes, affirming a role for AT2R.
AT2Rblockade by EMA300 resulted in the inhibition of p38MAPK
and p44/p42 MAPK activation in the rat DRG. These results also
corroborated the colocalization of Ang II with the small-/medium-
diameter nociceptive neuronal markers, substance P, and CGRP
in rat and human tissues. Further supporting the possible future
therapeutic use of AT2R antagonists, different compounds
produced analgesic effects in several different animal models of
NP, including the following: spared nerve injury-induced me-
chanical hypersensitivity in mice (PD123319/EMA200;115), a rat

model of antiretroviral toxic polyneuropathy (EMA200, EMA300;
122), and the CCI model in rats (EMA200, EMA300, and EMA400;
124). Our recent findings also underline the promising effects of
AT2R antagonists in NP.116–118 Mechanical and cold pain
hypersensitivity (assessed using reflexive and nonreflexive
measures of pain sensitivity) were measured in spared nerve
injury mice after systemic administration of PD123319/EMA200.
Despite observing analgesic efficacy, AT2R expression was not
detected in DRG neurons by RNA sequencing. AT2R-GFP
reporter mice were also negative in DRG histology. These
apparently conflicting data could indicate that the injury model,
duration, and species used can influence AT2R expression, and
that cell types other than DRG neurons may also be targets of
AT2R antagonists. This is discussed further in section 4.
Nonetheless, these results independently verified that the
analgesic action of AT2R antagonism is conserved across the
different subtypes of EMA compounds used.

Although blockade of AT2R signaling seems to be analgesic, it
seems that AT2R agonists are neuroprotective and/or neuro-
trophic. More than 2 decades ago, Lucius et al.73 found that
AT2R promotes the axonal elongation of postnatal rat retinal
explants and DRG neurons in vitro, and axonal regeneration of
retinal ganglion cells after optic nerve crush. Cotreatment with the
AT2R antagonist PD123177 (but not the AT1R antagonist
losartan) abolished the Ang II-induced axonal regeneration. In a
more recent study, Ang II was administered through osmotic
minipump to injured sciatic nerve in rats. The authors found that
Ang II treatment promoted functional recovery, which was fully
inhibited by AT2R antagonist PD123319. Once again, the AT1R
antagonist losartan had no effect.106 This was the first study to
present direct evidence for an involvement of the AT2R in
peripheral nerve regeneration. There are now several publications

Table 3

Effects of ACE inhibitors.

Compound Model Outcome Citation

Perindopril LPS-induced neuroinflammation (rat) Alleviation of neuroinflammation 14

Trandolapril Normotensive patients with type I or II diabetes and
mild neuropathy

Improved conduction velocity, AP amplitude 75

Lisinopril Diabetic patients with hypertension Improved temperature and vibration perception
thresholds

107

Enalapril Streptozotocin-induced diabetic neuropathy (rat) Prevented vascular abnormalities 22

ACE, angiotensin-converting enzyme.

Table 4

Agents acting on AT2R.

Compound Model Outcome Citation

Agonists
Diminazene aceturate (DIZE) Formalin test (mouse) Attenuates the second phase of formalin-induced

nociception

94

Compound 21 Vincristine-induced neuropathy (mouse) Restored normal tactile sensitivity 12

CGP42112A Optic nerve crush (rat) Axonal regeneration 73

Antagonists
PD123319 Astrocyte culture (rat)

SNI (mouse)
Sciatic nerve crush (rat)

Did not prevent Ang II-induced IL-6 secretion
Reduced pain behaviors after systemic delivery
Prevented Ang II‐induced recovery of sensorimotor
function

63

117, 118

106

EMA200, EMA300, EMA400 CCI (rat) Dose-dependent pain relief 65, 123, 124

EMA200 & EMA300 Antiretroviral toxic polyneuropathy (rat) Significant analgesia 122

EMA401 Human and rat DRG
Postherpetic neuralgia patients

Inhibited capsaicin responses, reduced neurite
length/density
Significantly reduced pain scores

4

109

CCI, chronic constriction injury; DRG, dorsal root ganglion; SNI, spared nerve injury.
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highlighting the role of the RAS in neuronal development and
protection.26,31,68 For example, Chakrabarty et al.20 showed that
locally synthesized Ang II in rat DRG plays a role in estrogen-
mediated sprouting. Estrogen-induced neurite outgrowth was
inhibited by the ACE inhibitor enalapril. 17b-Estradiol was also
found to upregulate AT2R expression, and the neurotrophic
action of estradiol was counteracted by the AT2R antagonist
PD123319. Based on the neurotrophic role of AT2Rs, it is
hypothesized that AT2R activation might be able to improve NP
by facilitating neuronal protection or regeneration. In a recent
study, Bessaguet et al.13 analyzed the effects of PD123319/
EMA200 (AT2R antagonist) in resiniferatoxin-induced sensory
small-fiber neuropathy inmice. They showed that AT1R blockade
by the competitive antagonist candesartan prevented functional
sensory neuropathy. This effect was not ascribed to AT1R
inhibition per se, but to the resultant increase in Ang II binding to
AT2R. This conclusion is based on the finding that AT2R
blockade does not prevent resiniferatoxin-induced neuropathy,
and the effect of candesartan could be blocked by PD123319/
EMA200 in wild type but not AT2R-deficient mice. Therefore, the
beneficial effects of candesartan could result from blunting of
AT1R-mediated negative feedback on the release of renin,
thereby increasing Ang II-AT2R signaling and enhancing neuro-
protection. In a murine model of vincristine-induced mechanical
allodynia, both candesartan and the AT2R-selective agonist
Compound 21 completely restored normal tactile sensitivity.
However, only Compound 21 displayed neuroprotective effects
against vincristine-induced neuronal damage. This study pro-
vides further evidence of AT2R agonist-induced neuroprotec-
tion.12 A study by Bhat et al.14 similarly connected the beneficial
effects of candesartan to facilitation of AT2R signaling. Cande-
sartan treatment alleviated neuroinflammation in rats and in
astroglial and microglial cells. Such effects were associated with
elevation of AT2R expression and blocked by AT2R antagonists.

Marion et al.78 described a novel mechanism involving AT2Rs, in
which a mycolactone toxin, Mycobacterium ulcerans, exerts
analgesia. Mycolactone-induced AT2R signaling elicited Gai signal-
ing, triggering a cascade culminating in PGE2 synthesis and leading
to theopeningof TRAAKchannels, hyperpolarization, andanalgesia.
These results shouldbeexplored further usingotherwell-established
AT2R agonists (eg, Compound 21) under NP or other pain
conditions to better understand mechanism(s) underlying AT2R-
induced analgesia and the ability of PGE2 to participate in analgesia
and hyperalgesia in different pathologies.72 These findings are
intriguing because several clinical and preclinical studies suggest the
utility of AT2R antagonism for NP. It is possible that the analgesic
effects of AT2R depend on the nature of the pain-inducing insult or
the cell type(s) expressing AT2R. Perhaps AT2R antagonists inhibit a
Gas pathway in nociceptors,which convergeswith the nerve growth
factor-TRPV1 pathway. By contrast, pathways activated by
compounds such as mycolactone perhaps predominate in

leukocytes and/or the CNS.27 Of note, our study indicates the
involvement of macrophage AT2Rs and neuronal TRPA1 channels
in the analgesic actions of AT2R antagonists, as described in
section 4.

In summary, AT2R agonists have been found to be neuro-
protective because neuronal regenerative processes are com-
monly hampered under neuropathic conditions. However, there
are numerous studies showing the effectiveness of AT2R
antagonists, as they seem to alleviate NP symptoms. Further
studies are needed to investigate these somewhat competing
therapeutic possibilities, and the extent to which these neuro-
trophic and analgesic properties of AT2R (or AT1R)might be used
clinically in NP. For example, careful optimization of dosing,
delivery, and NP stratification may be required to offset nerve
regeneration against analgesia. Based on our current knowledge,
AT2R antagonists are among the most promising novel
compounds for the future management of NP.108

3.4. Other angiotensin receptors, modulators, and
neuropathic pain

Ang (1-7) ismainly produced by ACE2 fromAng II and binds to the
G-protein-coupled AT7R/Mas receptor, reducing inflammation,
fibrosis, and insulin resistance.119 Ang (1-7) and AT7R/Mas
activation seems to counteract the harmful effects of Ang II-
mediated signaling (pronociception and proinflammation) by
inhibition of MAPK activation55 (Mas receptor modulators are
listed in Table 5). In a recent study, Yamagata et al.138 postulated
that Ang (1-7) production is downregulated in leptin-deficient ob/
ob diabetic mice, which is accompanied by a loss of ACE2-
positive neurons. Intrathecal administration of Ang (1-7) in ob/ob

mice attenuated hyperalgesia. This effect was counteracted by
A779, a Mas receptor antagonist. SB203580, a p38 MAPK
inhibitor, also attenuated hyperalgesia, and Ang (1-7) inhibited the
phosphorylation of spinal p38 MAPK. This study again underlines
the important role of RAS-mediated p38 MAPK phosphorylation
in pain transmission and the beneficial counteracting role of the
ACE2/Ang (1-7)/Mas receptor pathway. Ang (1-7) signaling has
also been linked to the NO/cyclic GMP pathway. NO is capable of
activating ATP-sensitive K1 channels (KATP) through increased
intracellular cGMP, which has been implicated as an antinoci-
ceptive mechanism for several different drugs.36 Costa et al.23

investigated this pathway in relation to Ang (1-7). They showed
that Ang (1-7) induced NO release and demonstrated an
antinociceptive effect in rats after hind paw injection of PGE2.
This antinociception was antagonized by the nonselective NO
synthase inhibitor L-NOarg, the selective neuronal NO synthase
inhibitor L-NPA, and the KATP channel blocker glibenclamide.
Although these findings indicate that Ang (1-7) activates the NO/
cyclic GMP/KATP channel pathway, a role for Ang (1-7) in the
treatment of NP should be further evaluated.

Table 5

Agents acting on MasR.

Compound Model Outcome Citation

Agonists
Ang (1-7) (i.p.) Metastatic bone pain (mouse) Attenuated spontaneous, evoked pain 41

Ang (1-7) (i.t.) Ang II (i.t.)-induced nociception (mouse)
Obese diabetic (ob/ob) mouse

Attenuated nociceptive behavior 91

138

Antagonists
A779 CCI (rat) No effect 24

CCI, chronic constriction injury.
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ACE2 is of tremendously growing interest after the discovery
that it is the main cell entry receptor for the novel coronavirus
SARS-CoV-2.80 The spike protein of SARS-CoV-2 binds ACE2.
Given the expression of ACE2 in the peripheral and CNS and
several reports of neurological complications of COVID-
19,76,105,145 pain is a raising concern as a potential complication
of this novel highly contagious infection.2,6 The dysregulation of
ACE2/Ang (1-7)/Mas receptor pathway by the virus-induced
ACE2 depletion may lead to the development of lasting pain
symptoms. This is a rapidly evolving area of research, which
underscores the numerous gaps in our knowledge of neuronal
RAS in health and disease.

4. Effect of the renin–angiotensin system on immune
system function and implications for
neuropathic pain

Ang II and AT2R have been shown to be expressed by sensory
neurons and by nonneuronal cells. The density of angiotensin
receptors is developmentally regulated. Although AT1R is
expressed in most adult tissues including the heart, blood
vessels, brain, and kidney, AT2R expression was (until recently)
thought to be largely restricted to embryonic, fetal, and neonatal
tissues.100 Immune cells are now considered to be crucial in the
development of pain, and the infiltration of various immune cells
into peripheral nervous structures and their profound influence on
pain development is a well-known phenomenon.77 Circulating
mononuclear cells, macrophages, and T-lymphocytes are known
to express ACE.25,37,89 Elevated ACE expression is associated
with enhancedmyeloid cell activity,10,11 although the implications
of this for NP have not been explored. Nevertheless, these
findings shed light on the possible intriguing neuroimmune
interaction in the complex mechanism of pain transmission and
the development of different pain states. However, the circum-
stances that trigger immune systemRAS contribution to NP, and/
or the changes in leukocyte trafficking and inflammatory
phenotype that may result from RAS signaling require further
study.

A study by Nataraj et al.88 was one of the first to describe the
capability of Ang II to influence immune responses; the
immunosuppressive effects of calcineurin inhibitors were poten-
tiated by RAS antagonism. Migrating leukocytes are crucial in
lesion development, in which Ang II is an essential mediator. In
addition, macrophages express all components of the RAS.
These cells infiltrate local tissues after neuronal injury, and further
promote the development of NP symptoms by fostering neuronal
damage. A study by Okamura et al.96 showed that monocytes/
macrophages upregulate RAS expression during differentiation, a
phenotypic change that underlies the contribution of macro-
phages to development of atherosclerosis. Moreover, an in vitro
study by Guo et al.54 showed that Ang II acts directly on
macrophages; Ang II contributes to the production and release of
proinflammatory cytokines TNF-a and IL-1b in macrophages
through AT1R activation.

Several studies show that the RAS is highly involved in
immunological responses under pathological conditions (eg, during
inflammation). Nabah et al.87 showed how Ang II induces neutrophil
accumulation. In this study, Ang II provoked rapid neutrophil
recruitment, mediated through the release of CXC chemokines
such as CINC/KC and MIP-2 in rats and IL-8 in humans. This may
contribute to neutrophil infiltration in acute myocardial infarction. In a
study by Moreno et al., Ang II infusion resulted in the infiltration of
inflammatory cells and stimulated cell proliferation. Interestingly,
these pathogenic eventswere attenuated by atorvastatin, which can

inhibit Ang II-induced activation of NF-kB and chemokine expres-
sion.85 Although Guo et al. did not investigate NP as a readout, their
results highlight the pathophysiological role ofmacrophageAT1Rs in
inflammatory processes. Treating macrophages with Ang II upregu-
latedAT1Rexpressionand increased theproductionof inflammatory
mediators (TNF-a, IL-1b, IL-6, and IL-10) and reactive oxygen
species. These effects were blocked by ZD7155, an AT1R
antagonist. These results indicate a possible mechanism for the
analgesic actions of different AT1Rantagonists (see section 3.3) and
should be further investigated in relation to NP and other different
pain diseases. AT1R antagonists are associated with reduced
perineural invasion in head and neck cancer,35 although it is not yet
clear if this is due to an AT1R-mediated effect on chemokine
expression. Collectively, these findings are likely to be relevant for NP
because leukocyte infiltration and the consequent proinflammatory
actions are known to be significant contributors to development and
maintenance of NP.97,129,140

Numerous studies show that the RAS is involved in (auto)
immune responses and modulation of T-cell and macrophage
function, with Ang II typically thought to drive proinflammatory
macrophage responses.55 Khan et al.65 investigated the effects
of the AT2R antagonist EMA300 onCCI rats. Consistent with their
earlier studies,123 they observed a CCI-induced increase in Ang II
expression in DRG. This increase was underpinned at least in part
by infiltration of Ang II/AT2R-expressing CD31 T cells. This
increase in Ang II levels was reversed at the time of peak analgesia
by administration of a single intraperitoneal dose of EMA300. At
the point of peak analgesia, there was also a significant reduction
in Ang II/AT2R signaling and its downstream mediators, p38
MAPK and p44/p42 MAPK. These observations are consistent
with the hypothesis that cells infiltrating sites of inflammation/
tissue injury establish a local RAS. Subsequent AT2R activation
then elicits nociceptor hypersensitivity and sprouting. This results
in heightened thermal and mechanical sensitivity, as shown in a
recent study of CFA-induced inflammation in rats.21 This study
showed that the Ang II-synthesizing proteins renin and angio-
tensinogen were largely absent from the hind paw after saline
injection, but abundant in T cells and macrophages in CFA-
injected paws. These findings correlate with an earlier study by
Thomas and Hoffman, who discovered decades ago that
macrophages express specific receptors for Ang II and related
peptides that were thought to be responsible for uptake of Ang II
by macrophages.125

Our laboratory has previously investigated a possible role of the
RAS in neuroimmune interactions in NP conditions. We found that
local AT2R activation by Ang II in peripheral macrophages leads to
chronic pain hypersensitivity associated with nerve injury/
neuropathy.116–118 AT2R antagonism provided effective analgesia
in neuropathic but not inflammatory pain, although any qualitative
difference between acute and more chronic dosing regimens was
not explored. In addition, Ang II was elevated in the injured sciatic
nerves of mice, and an AT2R antagonist dose-dependently
attenuated mechanical hypersensitivity. Our findings suggest that
macrophages infiltrating sites of injury induce persistent neuropathic
mechanical and cold pain hypersensitivity through the activation of
AT2Rs. It is worth noting that macrophages at the site of injury seem
to be major contributors to pain hypersensitivity in this model, but
macrophage infiltration/proliferation elsewhere along the pain
neuraxis (eg, in the DRG) is an area of active study and likely also
contributes.140 Activation of macrophage AT2R induces intercellular
crosstalk between peripheral macrophages and sensory neurons,
mediated by AT2R-to-TRPA1 redox signaling.116 Ang II was again
shown to induce macrophage infiltration, and AT2R activation
macrophages triggered ROS/RNS production, which can
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transactivate TRPA1 channels on sensory neurons to induce NP, as
has been previously described.97 The lack of detectable expression
of AT2R in mouse and human DRG tissue in these studies indicates
that the relative contribution of macrophage-centric mechanisms vs
those mechanisms involving other leukocytes and/or direct modu-
lation of DRG neurons (as described in section 3.3) requires further
study. Nevertheless, selective AT2R antagonists such as EMA401
and PD123319 have now attenuated NP in humans and in multiple
pain model studies conducted by independent research groups.
Our study directly identifies immune cell-to-sensory neuron signaling
crosstalk, which underlies peripheral nociceptor sensitization. These
findings collectively describe a prominent neuroimmune interaction
in the development of pain and represent a newly discovered
mechanism underlying the analgesic action of AT1R and AT2R
antagonists. Ultimately, the emerging ability of RAS modulators to
simultaneously target neuronal physiology and pathophysiology,
leukocyte infiltration, and inflammation make them a uniquely
promising class of analgesic drug candidates.

5. Human studies showing the involvement of the
renin–angiotensin system in the development and
possible management of pain

Although the majority of data on the role of RAS in pain
development originate from preclinical rodent studies, there are
a few human studies supporting those findings. As described
previously, Ang II and AT2R were shown both in rat and human
DRG and in trigeminal ganglia, key points in pain transmission
(see section 3.1.).20 Colocalization of Ang II with the small-/
medium-diameter nociceptive neuronal markers, substance P,
and CGRP was also demonstrated in human tissues. There are
numerous studies involving human tissues suggesting the
mechanistic role of Ang II receptors in pain development, which
strongly validates the results of the preclinical studies discussed
above. One of the early examples of human clinical studies is a
study by Drummond, which showed that Ang II administered to
healthy volunteers by iontophoresis increased thermal sensitivity,
presumably through vasoconstriction and ischemia.34 In the late
1990s, Malik et al. investigated the beneficial effects of the ACE
inhibitor trandolapril in patients with diabetic NP.74,75 In this
double-blind, placebo-controlled trial, trandolapril improved
neuronal function, assessed by peroneal nerve conduction
velocity. These beneficial effects were observed even in
normotensive diabetic patients. However, neuropathy symptom
and deficit scores showed no improvement. In addition, the
sample size was relatively small (41 patients with diabetic NP),
and the Ang II receptor signaling underlying this effect was not
addressed. In a recent study by Didangelos et al.,32 another ACE
inhibitor (quinapril) showed beneficial effects in patients with
diabetic cardiovascular autonomic neuropathy by improving
parasympathetic dysfunction. Similarly, symptoms of NP were
not affected in patients with peripheral diabetic NP in this study.
Nevertheless, these studies underline the involvement of RAS in
NP and hint at possible future applications.

Juhi Kalra et al. studied the modulation of pain perception by
ramipril and losartan, an ACE inhibitor and AT1R blocker,
respectively.62 The pain perception threshold of 30 healthy
individuals was assessed after a single dose of placebo or test
compound using a sphygmomanometer-based pressure pain
test. Ramipril lowered the measured pain thresholds, and both
compounds lowered the maximal tolerated pain 4 hours after
administration. The mechanism by which these drugs might
influence pain perception would benefit from further study in a
larger number of individuals. Notably, a study by Costa et al.

resonates with these observations because they showed the
ability of losartan to augment acute pain (section 3.2). There is
additional evidence that hemodynamics can influence pain
sensitivity, which could partially explain the observed effects of
different RAS inhibitors in humans. Some studies have shown the
association of hypertension with hypoalgesia in dental pain.47,52

The authors attributed the observed reduction in pain threshold of
hypertensives receiving ARBs to AT1R signaling. It is possible that
the inhibited degradation of substance P and/or bradykinin
underlie these contradictory effects, which have been hypothe-
sized to contribute to complex regional pain syndrome.30

Ultimately, the systemic/hemodynamic effects and the local/
proinflammatory effects may interact and underlie the inconsis-
tencies, but further work is needed to fully exploit targeting of Ang
II signaling for pain relief. Nevertheless, acute pain perception in
healthy or not neuropathic individuals highly differs from the
complex changes observed in NP conditions.

Probably the most investigated and recognized novel RAS
modulator is the AT2R antagonist EMA401. This high-affinity
receptor antagonist proved to be effective in a phase 2 clinical trial
for the treatment of postherpetic neuralgia.109 Unfortunately,
EMA401 was withdrawn from further studies due to adverse
events, although its analgesic efficacy was clear.64 A retrospec-
tive study by Roldan et al. conducted on patients with
chemotherapy-induced peripheral neuropathy also supports
the hypothesis that blockade of Ang II receptor signaling would
be beneficial in NP.110 They suggest that ACE inhibitors and Ang II
receptor blockers may have a neuroprotective effect on the
myelinated Ab and Ad fibers in cancer patients receiving
neurotoxic chemotherapy. Although promising, the limitations
of such retrospective studies (along with limited sample size)
should be acknowledged.

There are a few findings in humans that also support the
existence of neuroimmune interactionsduring paindevelopment, in
which the RAS seems to be a major contributor (as described in
section 4.). Ang II infusion was found to increase expression of the
adhesion molecule ICAM-1 (CD54; intercellular adhesion
molecule-1) in human endothelial cells and soluble ICAM-1 release
in human volunteers, an effect that was inhibited by losartan. These
findings are intriguing in terms of neuroimmune interactions
because ICAM-1 is a crucial mediator of leukocyte adhesion to
the vascular endothelium and subsequent tissue infiltration. There
is also evidence that humanmonocytes andmacrophages express
Ang II, AT1R, andAT2R.A study byNabah showed the roleof Ang II
in neutrophil recruitment during myocardial infarction, hence the
neuroimmunological concept of pain development should be
further investigated in humans.87 Taken together, there are very
few clinical studies investigating the possible therapeutic role of the
RAS and Ang II receptors in pain management, but they support
their possible future therapeutic role. More studies with AT2R
blockers likelywill be conducted because they seem to be themost
promising group for NP alleviation.

6. Summary and conclusions

Renin–angiotensin system signaling has expanded far beyond its
initial description as an endocrine controller of hemodynamics.
Additional enzymes, receptors, peptide fragments, and sites of
expression discovered in the past several decades led to the
discovery of RAS signaling within the nervous system. It is quickly
becoming clear that there are pathophysiological ramifications of
angiotensin signaling at all levels of the pain neuraxis, whether in
the brain, spinal cord, DRG, or leukocytes infiltrating sites of
neurological damage. There remains a lack of consensus
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regarding the circumstances under which RAS inhibition would
be most beneficial for NP; this may depend to a large extent on
the desired outcome (neurotrophic vs analgesic). Clearly, Ang II
signaling is a powerful modulator of inflammatory-immunological
responses involved in different painful pathological conditions
that influence central and peripheral neuronal functions, including
NP. A more detailed understanding of the role of RAS in
neuroprotection (eg, AT2R initiated neuronal protection) or
subsequent activation of different pain pathways (eg, the pain-
sensitizing effect of AT2R activation through TRPA1) is likely to
offer more opportunities for therapeutic modulation. The current
literature supports targeting the RAS to treat NP as a worthwhile
endeavor because a preexisting suite ofmedications indicated for
hypertension can be used to guide future therapeutic de-
velopment. To fully understand the potential role of AT1Rs,
AT2Rs, and other components of the RAS for the future
management of different pain states, more studies evaluating
their impact on multiple clinically relevant pain modalities should
be explored.
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