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Preclinical evidence, accumulated over the past decade, indicates that the angiotensin II type 2 receptor (AT2R)

stimulation exerts significant neuroprotective effects in various animal models of neuronal injury, notably in the

central nervous system.   Studies of brain AT2R distribution and function are outshining the recent findings about

AT2R in peripheral sensory

neurons and pain modulation. While AT2R, as an atypical G protein-coupled receptor, and its related signaling are

still under investigation, pharmacological studies have shown that stimulation of AT2R leads to neuritogenesis in

vitro and in vivo. This review aims to report the evidence of potential neuroprotective and neuroregenerative roles

of AT2R in the peripheral nervous system (PNS).

angiotensin II type 2 receptor  peripheral nervous system  neuroregeneration  neuroprotection

pain

1. Introduction

There is a large unmet clinical need for novel therapeutic approaches to reduce disabilities (sensory impairment,

motor deficit) and to improve overall quality of life in patients with peripheral neuropathies. The development of

effective therapeutic solutions is hampered by the vast etiological spectrum of underlying causes and the persistent

gaps in our understanding of the pathophysiological processes involved in peripheral neuropathy. However,

accumulating evidence suggests a significant contribution of the renin-angiotensin system (RAS) in both

neuroprotection and neuroregeneration.

The RAS is well-described and known to regulate arterial blood pressure and ionic homeostasis . The sequential

enzymatic cascade of RAS is initiated with renin, a catalytic enzyme produced by kidney and secreted into the

systemic circulation, which cleaves liver-derived angiotensinogen (AGT) to produce the decapeptide angiotensin I

(Ang I). Pulmonary angiotensin converting enzyme (ACE) converts Ang I into angiotensin II (Ang II), the main

active component of the RAS. Ang II binds with high and similar affinity to its two principal receptors in humans, the

Ang II type 1 receptor (AT1R) and the Ang II type 2 receptor (AT2R) . Other angiotensinogen-derived peptides

have been described and are shown in Figure 1. The RAS was first described as an endocrine system. However, it

is now considered to be a “ubiquitous” system that is expressed locally in many tissues exerting multiple

autocrine/paracrine effects with implications in tissue physiology and homeostasis. The first demonstration of Ang II

presence in tissues, in the arterial wall of sheep, dates back to 1980 . Subsequent studies have quantified the

synthesis of Ang II by the use of radiolabeled ligands in the heart, kidneys and adrenal glands . Additionally,
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components of a local RAS have been detected in several tissues including skin, bone, adipose tissue and

inflammatory cells . The localization and effects of local RAS are described in further detail elsewhere .

AT1R and AT2R are both seven-transmembrane receptors displaying a similar affinity to Ang II although these two

receptors differ in their amino acid sequence, tissue-specific expression and functional effects. The main role of

AT2R is to inhibit actions mediated by AT1R by decreasing cell growth and proliferation while promoting cell

differentiation, in addition to a vasodilatory action and a decrease in blood pressure . As demonstrated in several

studies, AT2R expression is temporally regulated. Ligand binding, in situ hybridization and autoradiography studies

show that AT2R is widely expressed during fetal life, whereas its expression is maintained at low levels in all

organs in adults, contrary to AT1R which is preferentially expressed in adults . On the other hand, recent

western blot and RT-PCR studies show that AT2R shows significantly higher expression in adult than in fetal and

neonatal rodent tissues, with the exception of skin . Such a discrepancy challenges the role of AT2R during

development. Moreover, inverse expression profiles of AT1R and AT2R during development have been reported,

with decreased expression of AT1R and an increased expression of AT2R in the adult versus fetal stage,

suggesting a crucial interacting role between the two receptors . Moreover, AT1R/AT2R heterodimerization has

previously been shown in non-neuronal cell types, illustrating the strong link between these two receptors .

AT2R expression is also dramatically increased in tissue under pathological conditions, for example during nerve

crush injury or inflammation, suggesting a possible role of AT2R in tissue repair and more particularly in

neuroregeneration .

While numerous studies have focused on protective and regenerative properties of AT2R in the central nervous

system , very few have considered a role for AT2R in the peripheral nervous system (PNS). Several

reports have emphasized the role of peripheral AT2R in the modulation of pain . However, the

potential effects of Ang II/AT2R in neuroprotection/neuroregeneration in the PNS have been understudied and

remains poorly understood. A few pharmacological studies, some from our team, highlight the beneficial effect of

AT2R stimulation in a rodent model of traumatic- and drug-induced peripheral neuropathy . Here, we

aim to review the current knowledge on the role of AT2R and the therapeutic effect of respective agonists or

antagonists in the treatment of various types of peripheral neuropathies. Basic information concerning the AT2R

and its distribution within the PNS are introduced first.

Figure 1. Schematic representation of the renin-angiotensin system (RAS). Angiotensin (Ang) I is cleaved by

angiotensin-converting enzyme (ACE) to Ang II which can be then cleaved to Ang III by aminopeptidase A, then

further cleaved to Ang IV by aminopeptidase B. Ang I can also be cleaved by ACE2 to produce Ang (1–9) which

can be cleaved into Ang (1–7) by ACE. Ang (1–7) can be directly generated from Ang II by ACE2. Ang (1–7) binds

and activates the receptors Mas and Mas-related G protein-coupled receptor member D (MrgD), Ang IV binds to

AT4R, Ang III activates AT1R and AT2R and Ang (1–9) directly activates AT2R. Functionally, it is possible to

simplify the RAS into two distinctive pathways. The first involves over-activation of AT1R by Ang II/Ang III,

promoting cellular growth, vasoconstriction, fibrosis and inflammation. The second involves the interactions

between AT2R and Ang II/Ang (1–9)/Ang III, but also Ang (1–7) and Mas/MrgD receptors, and Ang IV and AT4R,

leading to vasodilatation and anti-proliferative, anti-fibrotic, anti-inflammatory effects.
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2. Evidence for AT2R Expression in the Peripheral Nervous
System

Over the past fifteen years, many studies have supported the concept of a local RAS and its potential role in the

PNS, and particularly in the sensory nervous system . Nevertheless, the distribution and expression

level of AT2R in the PNS has been subject of controversy.

In rat dorsal root ganglion (DRG), AT2R expression, at the mRNA and protein levels, is tightly regulated throughout

development to switch later to a restricted subpopulation of C-nociceptor neurons during adult life . Recently,

preferential expression of AT2R in non-peptidergic isolectin B4 (IB4 ) C-nociceptor neurons was confirmed in adult

rat DRG neurons. e authors showed that AT2R is also expressed by some peptidergic small C- and medium Aδ-

neurons as well as by a few large Aα- and Aβ-neurons, and that almost all AT2R  DRG neurons co-expressed

AT1R  (Figure 2). In humans, positive AT2R-immunolabelling was also shown in small-diameter DRG neurons and

in nerve endings in the sub-epidermis and dermis, in urinary bladder, in vestibule and in the myenteric plexus .

This expression profile of AT2R in the PNS suggests its involvement in the development of sensory and nociceptive

functions. However, immunohistochemistry (IHC)-based results must be viewed with caution due to the poor

specificity of commercially-available AT2R antibodies . One study has demonstrated the specificity of one

commercial AT2R antibody, ab19134 (Abcam), using AT2R-expressing HEK-cells vs. non-transfected HEK-cells

. Nevertheless, recently, a research group reported no difference in AT2R signal intensity in DRG sections from

wild type- and agtr2 (the AT2R gene) KO-mice using these same AT2R antibodies.

Figure 2. Expression of AT2R in the sensory peripheral nervous system. According to the most recent

immunohistochemistry study on the expression of AT2R in DRG and in the spinal cord of rat, AT2R would be

expressed by almost all types of sensory neurons, though to different degrees. Non-peptidergic C-nociceptors

expressing IB4 are strongly stained for AT2R. Some small and medium DRG neurons co-expressed AT2R and
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trkA, a marker of nociceptive neurons (peptidergic C and Aδ neurons). The few large neurons which express AT2R

are stained for NF200 and trkA, markers of Aα/β nociceptive neurons. Most ATR2  neurons are also AT1R . AT1R:

angiotensin II type 1 receptor, AT2R: angiotensin II type 2 receptor, CGRP: calcitonin gene-related peptide, DRG:

dorsal root ganglion, IB4: isolectin 4, NF200: neurofilament 200, SP: substance P, trkA: tropomyosin receptor

kinase type A.

At the mRNA level, AT2R is upregulated in pathological conditions in the PNS, as has been shown in other tissues

such as infarcted heart and regenerating skeletal muscle . In response to nerve axotomy and crush injury,

AT2R mRNA levels are strongly increased in adult DRG and sciatic nerve fibers in rats . A role for AT2R in

Schwann cell (SC)-mediated healing actions has been evoked since the kinetics of AT2R mRNA expression is

closely linked to the kinetics of SCs differentiation during nerve recovery. It is important to note that quantification of

total AT2R mRNA from DRG encompasses different cell types (i.e., sensory neurons, satellite cells, immune cells,

and SCs). SCs themselves have been shown to express AT1R and AT2R in vitro and in fresh samples of rat sciatic

nerve, with a higher proportion of AT2R than AT1R .

Recently, Shepherd et al. demonstrated that mouse and human DRG neurons do not express AT2R. By combining

different technical approaches to investigate the expression of AT2R, the authors pointed out the lack of AT2R

expression in mouse DRG neurons, either at the protein- or mRNA-level. In line with this, Ang II did not induce

either calcium influx and electrophysiological responses or intracellular signaling in cultured primary mouse DRG

neuron. In addition, a lack of GFP signal was observed in DRG sections from AT2R-EGFP reporter mice,

suggesting that agtr2 was not expressed either in neurons or in non-neuronal cells of mouse DRG. However, they

revealed that peripheral macrophages express a functional AT2R and these could be implicated in Ang II-induced

peripheral mechanical pain sensitization One could envision a paracrine system between DRG neurons that

synthesize Ang II and non-neuronal AT2R  cells such as SCs and/or immune cells that are recruited only during

nerve injury [46]. In this respect, the CD3  T-cells which are involved in mechanical pain in response to chronic

constriction injury (CCI) might express AT2R. This cell-cell dialogue, mediated by AT2R in the PNS, could play a

key role in neuroprotective and neuroregenerative processes.

With regard to the expression of AT2R by DRG neurons, it appears that species differences likely exist. Most

studies conducted in rats have found AT2R to be expressed in DRG neurons while studies performed in mouse

DRG neurons have given opposite results. One explanation might be that two isoforms of AT2R exist in mice, as is

the case for AT1R (AT1a and AT1b) in mice and rats, and as has already been suggested in the rat brain . In this

respect, AT2R-antibodies could detect another isoform of AT2R, which could be expressed in DRG neurons of

AT2R KO-mice. It is also important to note that AT2R-deficient mice often only have part of the receptor affected,

thus potentially allowing the expression of a truncated form of the protein, which is possibly detected by some

antibodies . Another hypothesis is that AT2R mRNA is synthesized in DRG neurons under pathological

conditions (lesion, crush, section) and transported along microtubules to nerve terminals where it is then translated

by a local system . This would provide a rationale for the discrepancies in results obtained from IHC on cultured

DRG and DRG sections. Further studies are required to elucidate the questions concerning AT2R expression in the

PNS and to understand their function.
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3. AT2R Signaling

The AT2R gene was cloned in the early 90′s and the receptor has been attributed numerous functions. However, its

signaling pathway remains difficult to elucidate . AT2R belongs to the G protein-coupled receptor superfamily

(GPCR). However, aside from signaling through G-protein-dependent mechanisms, activation of this receptor by G

protein-independent intracellular signaling in neurons makes it an “atypical” or “non-canonical” GPCR. The recently

described crystal structure of human AT2R bound to either Ang II or an AT2R-selective ligand, allowed the receptor

to be captured in an active-like conformation and provided structural insights into a moderate coupling to G

proteins . Continuing efforts investigating the conformational arrangement of this receptor are necessary to

complete our understanding of AT2R activation and signaling and will aid in better design of targeted compounds

. In the following section, we will specifically review the role of AT2R signaling implicate in neuronal survival and

neurite outgrowth and summarize the current findings in a schematic (Figure 3).

To understand AT2R signal transduction, several cellular tools have been used. Among them, the rat

pheochromocytoma PC12W cell line, of neuronal origin, has been particularly useful since these cells mostly

express AT2R rather than AT1R. Several studies, focused on the effect of Ang II on PC12W cells, have

demonstrated that AT2R mediates programmed cell death through inactivation of mitogen-activated protein kinase

(MAPK) inhibition of the anti-apoptotic Bcl-2 protein resulting eventually in induction of apoptosis . This

apoptotic function of AT2R was once hypothesized to be involved in developmental biology and pathophysiology.

However, it was later demonstrated that AT2R stimulation by C21, a specific agonist , induced RNA expression

of Bcl-2 and increased the level of neurotrophins (BDNF, TrkA and TrkB) in vitro in primary neurons and in vivo in a

model of spinal cord injury . In quiescent PC12W cells, AT2R stimulation by Ang II treatment leads to neurite

formation . In this case, the signaling involves an increase in polymerized β-tubulin, upregulation of microtubule-

associated protein (MAP)-2 and down-regulation of MAP-1B levels. Similar observations were made in PC12W

cells differentiated by nerve growth factor (NGF) and in undifferentiated NG108-15 cells (mouse neuroblastoma x

rat glioma hybrid cell line) . MAP-2 proteins are known to interact with microtubules, neurofilaments and actin,

and contribute to the maintenance of the neuronal cytoskeleton. Similarly, MAP-1B regulates branching and neurite

direction during DRG neuron regeneration . A significant decrease in MAP-2 expression was observed in DRG

following CCI to the sciatic nerve in rats, suggesting the involvement of MAP-2 in the early response to nerve injury

. Ang II treatment also diminishes the expression of neurofilament-M at the protein and mRNA levels in PC12W

cells, and this effect is suppressed by preventive treatment with PD123177 (an AT2R antagonist) . Thus, AT2R

stimulation in vitro decreases proliferation and leads to neuronal differentiation and to anarchic neurite elongation

via reorganization of cytoskeletal components. In undifferentiated NG108-15 and PC12W cells, both cell types

expressing AT2R but not AT1R, Ang II-induced neuronal differentiation, and thus neurite elongation, is counteracted

by AT1R stimulation in differentiated neuronal cells expressing AT1R. Therefore, these data highlight the precise

regulation existing between AT2R and AT1R during neuronal differentiation and neurite elongation. In NG108-15

cells, Ang II/AT2R interaction leads to neurite outgrowth through a sustained activation of p42/p44 MAPK and

phosphorylation of trkA . The link between AT2R and activation of p42/p44 MAPK leading to neurite

outgrowth was further confirmed in cultured adult rat DRG neurons, another optimal in vitro model in which to
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investigate the effects of AT2R modulation on PNS neurons . In this later study, neurons treated with Ang II

presented denser and much longer neurites than controls, confirming results obtained in neuronal cell lines.

It has also been demonstrated that the morphological differentiation induced by Ang II/AT2R involves an increase

in nitric oxide (NO) production in the NG108-05 cell line . An increase of neuronal NO synthase (nNOS) was

observed in cultures of rat DRG neurons under stress conditions . The neuroprotective role of NO has already

been described in vitro and in vivo in rat DRG neurons  . In vivo, inhibition of nNOS aggravates DRG neuron

injuries, such as in a rat model of sciatic nerve transection, suggesting a neuroprotective role of NO . A more

detailed review of the role of NO in neuronal proliferation, survival and differentiation can be found elsewhere [72].

A functional mitochondrial angiotensin system has been reported in several cellular types, including neuronal cells

. AT2R was localized on the inner mitochondrial membrane by immunogold electron microscopy, and its

stimulation increased NO production, thus decreasing mitochondrial respiration . This phenomenon could

represent a defense against oxidative stress, and a neuroprotective function of AT2R. However, the presence of

AT2R in mitochondria from PNS neurons has not thus far been investigated.

In 2007, Li et al., showed, in neuronal cells, that AT2R interacts with ATIP1, the first member of the AT2-interacting

protein (ATIP) family, to induce neuronal differentiation via upregulation of methane methylsulfonate-sensitive 2

(MMS2) . ATIPs are a family of proteins encoded by alternative splicing of a single gene called mtus1

(Microtubule associated tumor suppressor 1); ATIP1, ATIP3 and ATIP4 being the major isoforms. ATIP1 and ATIP3

are widely distributed whereas ATIP4 is restricted to the central nervous system . The ATIPs are cytosolic

proteins that constitutively interact with the C-terminal domain of AT2R and are involved in intracellular transport

and signaling pathways of AT2R, depending on the cell-type and on the isoform . ATBP50, the murine ATIP1,

was identified as a Golgi-associated protein involved in the transport of the AT2R to the cell membrane . In

neuronal cells, AT2R activation induces the ATIP1-Src homology phosphatase 1 (SHP1) complex, leading to

transcriptional activation of the DNA repair enzyme MMS2, and then induction of neuronal differentiation.
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Figure 3. AT2R-mediated intracellular signaling pathways involved in neuronal cells. Several intracellular signaling

pathways are associated with AT2R activation in neuronal cells leading to apoptosis via activation of the

phosphatase MPK-1, neurite elongation via reorganization of the cytoskeleton, or neuronal differentiation in part via

upregulation of growth-factors, depending on the cell type, the context, and the environment. To date, ATIP1 is

identified as a partner of AT2R involved in intracellular signaling pathway and trafficking in neuronal cells. While the

evidence of an ATIP/AT2R complex comes from experiments on central nervous system neurons, we could

hypothesize that a similar system exists in PNS neurons. AT2R signaling may antagonize AT1R-mediated signaling

by a direct heterodimerization between the two. As well, homodimerization of AT2R might result in ligand-

independent signaling.

While progress has been made in understanding AT2R signaling, this receptor remains an enigma. Other review

articles have emphasized in great detail the limitations of AT2R signaling studies .
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