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Abstract

Pain is a symptom usually associated with the development of diseases, but it is always a personal
experience influenced by contextual, psychological, and social factors. The processing and interpretation of pain
include a complicated brain network consisting variety of subordinated structures. At each level of this neural
network, numerous cellular processes contribute to the modulation of pain sensitivity.

It has been found that the renin-angiotensin system (RAS) plays a significant role in controlling pain under
normal and pathological conditions. Recently, new components of the RAS were discovered characterizing two
interacting and balancing arms. The classical arm includes the angiotensin-converting enzyme (ACE), the
octapeptide angiotensin Il (Ang-I11), its primary receptor AT1, and the less common AT2 receptor. The alternative
arm includes ACEZ2, the heptapeptide angiotensin 1-7, and its primary receptor Mas-1. RAS has long been known
as a homeostasis system primarily responsible for maintaining the physiological balance between the
cardiovascular and renal systems. Accumulating data however enlarged scientific knowledge on the role of RAS
in control of brain functions and modulation of pain susceptibility. Scientific evidence indicates a differential
involvement of angiotensin receptors in the modulation of pain transmission and suppression. Some data seems
contradictory, but a thorough analysis emphasized a specific role of receptor distribution and their selective
activation/inhibition on the final effect of pain sensitivity. This review summarizes the available literature on the
topic and characterizes some perspectives for further research.
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Introduction — pain definition and function

Pain is the most common clinical symptom associated with the development of many diseases, in
which a part of the somatosensory system is activated. Still, it is always a personal experience influenced
by contextual, psychological, and social factors [1,2]. According to the recently revised definition by the
International Association for the Study of Pain, pain is accepted as: “An unpleasant sensory and
emotional experience associated with, or resembling that associated with actual or potential tissue
damage” [3]. In addition, pain can be described in terms of three components - sensory, emotional, and
cognitive - reflected in painful stimuli's transmission and modulation mechanisms [4]. The sensory
process that conveys noxious signals to the central nervous system (CNS) and triggers pain is known as
nociception. Pain usually serves an adaptive role, but may adversely affect social, and psychological
well-being. Depending on the duration of the stimulus and plastic changes in the information processing
system, acute pain can differ from chronic pain. Acute pain has a protective function detecting harmful
stimuli and preventing body damage. Chronic pain, however, persists long after the nociceptive stimulus
and activates neuroplasticity processes, leading to the experience of exacerbated responses to both
painful (hyperalgesia) and non-painful stimuli (allodynia) [5]. Chronic pain is considered a disease in
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itself, which often is accompanied by emotional and cognitive impairments, leading to the development
of anxiety and depression.

Mechanisms of nociception

Pain perception begins with the stimulation of specific receptors, nociceptors, the first-order
sensory neurons classified as either unmyelinated C- or lightly myelinated A-delta fibers situated
throughout the body: the skin, joints, viscera, and muscles [6,7,8,9]. High-threshold mechanical and heat
stimuli, and a vast variety of chemical substances such as acetylcholine, adenosine triphosphate (ATP),
substance P, potassium, serotonin, lactic acid, arachidonic acid, histamine, nerve growth factor, calcitonin
gene-related peptide (CGRP), etc., can activate nociceptors [10,11]. Three transient receptor potential
(TRP) cation channels, TRPV1, TRPM3, and TRPA1, were identified as chemical- and heat-induced pain
sensors in nociceptor neurons. TRPV1 which can integrate diverse noxious stimuli, is expressed in both
peptidergic and nonpeptidergic nociceptive fibers [12]. The complexity and multimodality of nociceptors
require fine control to ensure the correct interpretation and prevent over-strengthening of the non-
adaptable sensory reaction. The encoded nociceptive information is conveyed in the cell bodies in the
dorsal root ganglion (DRG), and Rexed layer | and substantia gelatinosa of Rexed layer Il of the dorsal
horn of the spinal cord if the stimulus comes from the body, or the trigeminal ganglia (TG), if the stimulus
is from the face. Nociceptive neurons make connections directly, or indirectly, through spinal
interneurons, with second-order sensory neurons in the spinal cord which are activated through the
released neurotransmitters, including glutamate, substance P (SP), CGRP, and others [6,7,8].
Interneurons, which can be referred to as "local circuit neurons”, can be divided into two main classes:
excitatory (glutamatergic) and inhibitory (GABA and/or glycineergic) [13].

Pain transmission

The spinal cord's nociceptive neurons form projections comprising the three major ascending pain
pathways: the neospinothalamic, paleospinothalamic, and archispinothalamic tracts.

The neospinothalamic tract begins with second-order nociceptive neurons located in Rexed layer
I. They decussate and ascend via the lateral spinothalamic tract to third-order neurons in the thalamus
but with collaterals to autonomic homeostatic brainstem noradrenergic cell groups A1-A2 and A5-A7,
the parabrachial nucleus (PB), and the periaqueductal gray (PAG). From the ventral posterolateral
nucleus (VPL) and the ventral posterior inferior nucleus (VVPI) of the thalamus, nociceptive information
projects to the somatotopically organized primary somatosensory cortex (S1) responsible for the
immediate awareness and the exact location of the painful stimulus. Nociceptive information from the
TG projects to the ventral posteromedial nucleus (VPM), parafascicular nucleus (PF), and the
centromedian nucleus (CM) then the information further projects to Sl [4].

The paleospinothalamic tract starts from Rexed layer I, in which fibres have diffuse projections to
Rexed layers 1V through VIII. They ascent anteriorly and project bilaterally into the midbrain reticular
formation (RF), PAG, tectum, PF, and CM. The neurons in the two latter thalamic structures send
projections to the somatosensory cortex, brainstem nuclei, and limbic areas (cingulate gyrus, insulate
cortex). The interplay between the limbic structures, hypothalamus, and brainstem nuclei mediates
emotional and visceral responses to pain.

The archispinothalamic tract starts with second-order neurons found in Rexed layer Il (substantia
gelatinosa), which project to neurons in Rexed layers IV and VII. Diffuse projections from the latter 2
layers are sent to the RF and the PAG, then to the hypothalamus, limbic system nuclei, PF, and CM
nucleus. This tract also mediates visceral and emotional reactions to pain [4].
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Pain modulations, processing, and interpretations

There are many different classifications of pain based on various criteria such as etiology, intensity,
duration, and pathophysiological mechanisms. Based on the latter, there are three types of pain:
nociceptive, neuropathic, and nociplastic [14,15,16]. Pain accumulates the subjective expression of
sensory/discriminative and motivational/affective experiences. Its interpretation may result from the
interplay between aversive and rewarding processes that elicit specific motivated behavioral responses.
For example, acute pain leads to an adaptive escape/avoidance reflex, and relief of acute pain is rewarding
in facilitating learning to anticipate danger.

Under normal pain transmission, GABAergic neurons within the PAG have tonic activity, however,
upon opioidergic activation, GABA release is inhibited which results in the disinhibition of rostral
ventromedial medulla (RVM) off-cells and on-cells [17]. The endogenous opioidergic system is one of
the well-known mechanisms supporting this fine-tuning. Still, the role of other modulatory systems
including some neurohypophyseal hormones has recently been revealed [18]. Endogenous opioids bind
to four major types of G protein-coupled receptors widely distributed in the pain modulatory network,
which includes the ventrolateral PAG, RVM, and dorsal horn of the spinal cord [18].

Serotoninergic neurons in the nucleus raphe magnus (NRM) have descending pathways in the
dorsal horn of the spinal cord exerting direct or indirect inhibitory control on pain transmission and
participating in peripheral and central sensitization processes. [19].

The mesolimbic dopamine system in the ventral tegmental area (VTA) and its projections to the
medial prefrontal cortex (mPFC) and nucleus accumbens (NAc) have recently focused attention as a hub
for both the control of motivation, reward, and aversion and the development of comorbid chronic pain
depression [20]. The VTA receives input from several brain regions, including those involved in
nociceptive information processing (e.g., the parabrachial nucleus, PAG, central amygdala, and lateral
habenula) [21]. At each level of this neural network, numerous cellular processes contribute to the
modulation of pain sensitivity.

Renin-angiotensin system

The Renin-Angiotensin-Aldosterone System (RAAS) is a cascade including three significant
components: renin, angiotensin 1l (Ang 1), and aldosterone which plays a major role in the regulation of
blood pressure, fluid balance, and electrolyte homeostasis [22,23,24]. The discovery of new peptides in
the last few decades has increased our understanding and the complexity of the RAS [25]. These peptides
form a counter-regulatory pathway of the RAS, which opposes the actions of the classic arm [26]. RAS
is now well recognized as a dual vasoactive system, acting as a circulating endocrine system and a local
tissue paracrine system. Contemporary studies continue to expand our knowledge of newer peptides in
the RAS and the cross-talk between the two major pathways and their receptors [27].

Classic RAS Pathway

Prorenin is an inactive precursor of renin and it is produced in multiple tissues (a part of local
RAS), including juxtaglomerular cells in the kidney, adrenal gland, placenta, uterus, retina, testes, and
submandibular glands [28]. While prorenin is constitutively secreted in its inactive form, juxtaglomerular
cells can cause prorenin's proteolytic (by enzymes proconvertase 1 and cathepsin B) or non-proteolytic
activation to renin. [29,30,31]. Mature renin is then stored and released into the circulation for several
physiological reasons: changes in renal perfusion, low plasma sodium concentration, increased activity
of betal adrenergic receptors, or negative feedback from Ang I, potassium (increased by hypokalemia
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and decreased by hyperkalemia). Plasma renin is the rate-limiting enzyme in classical RAS with an
activity half-life of 10-15 minutes [32]. Angiotensinogen is a precursor molecule (85 amino acid alpha
2-globulin) primarily synthesized and constitutively secreted by the liver [33]. Renin cleaves the N-
terminal of this polypeptide forming a biologically inert decapeptide Ang I [34]. Angiotensin-converting
enzyme 1 (ACEL1) is an exopeptidase on the plasma membranes of vascular endothelial cells, mainly in
the pulmonary circulation, as well as in the tissues of the intestinal and urogenital tracts, the heart, adipose
tissue, and the nervous system [35]. It cleaves the two amino acids from the carboxy-terminal of Ang |
to make the octapeptide Ang 1.

Ang Il is the main mediator of the physiological and pathophysiological effects of the RAS,
including volume regulation, blood pressure, and aldosterone secretion [36]. It mediates these effects by
binding with close affinity to type 1 (AT1) and type 2 (AT2) receptors [37]. These receptors have different
and often opposite responses attributed to cellular signalling pathways: the AT1 receptor stimulates
protein phosphorylation and the AT2 receptor stimulates dephosphorylation [38]. Physiological
activation of AT1 receptors results in vasoconstriction, sodium and water reabsorption, and aldosterone
secretion. Pathological overactivation of AT1-R leads to inflammation, fibrosis, oxidative stress, tissue
remodelling, and increased blood pressure [39]. Despite the low expression of AT2-R (compared to AT1-
R), it is essential for mediating protective and opposing effects of AT1-R: inhibition of inflammation,
fibrosis, central sympathetic outflow, vasodilation, natriuresis, and neurodegeneration [38].

Protective Pathway

The RAS has a second, protective arm as important as the well-known classical pathway that
balances the physiological effects of the classical arm. The initiating enzyme of this arm is the
monocarboxypeptidase angiotensin-converting enzyme type 2 (ACE2) with close structural homology
to ACE1 [40,41]. Substrates for the enzyme are Ang | and Ang 11, but its catalytic efficiency is 300 times
higher for Ang Il than for Ang | [41]. ACE2 is widely expressed in the lungs, cardiovascular system,
kidneys, adipose tissue, and brain [42]. Membrane-bound levels of ACE2 are regulated by the
metalloproteinase ADAML17, which cleaves it to create soluble ACE2 [43]. ACE2 converts Ang | to
angiotensin 1-9 (Ang1-9), which is thought to affect the cardiovascular system through its interaction
with AT-R, resulting in antihypertrophic, [44], antihypertensive and anti-inflammatory effects [45].

The most important active product of ACE2 is perhaps angiotensin 1-7 (Ang 1-7), formed by the
hydrolysis of the C-terminal phenylalanine of Ang 11 [46]. Ang 1-7 can also be produced by NEP (neutral
endopeptidase) activity on Ang | or propyl carboxypeptidase on Ang Il [47]. Although the half-life of
circulating Ang (1-7) is approximately 10 seconds due to rapid metabolism by peptidases such as ACE 1
and dipeptidyl peptidase 3 [48], it has multiple biological activities opposing Ang 11 [49]. Binding to its
G-protein-coupled receptor, Mas-R It induces anti-inflammatory, vasodilatory, antiangiogenic,
antihypertensive, antifibrotic [50], lipid, and glucose homeostasis-improving effects [51]. Mas-R is
widely expressed in the brain, testis, heart, kidney, and blood vessels [26]. The Mas G-protein coupled
receptor member D (MrgD) is the second receptor for Ang (1-7) with an affinity for Alal-(Ang-(1-7),
also called alamandin, another peptide member of the protective arm of RAS [52]. MrgD is expressed in
the central nervous system, heart, kidney, dorsal root and trigeminal ganglia sensory neurons,
gastrointestinal tract, respiratory tract, and intracellular mechanism of MasR and MegD activation
increases levels of cyclic adenosine monophosphate (CAMP), phosphokinase A (PKA) and cAMP
response element phosphorylation (CREB) [53]. Ang (1-7) was found to activate the
phosphatidylinositol-3-kinase-Akt pathway, and nitric oxide synthase (NOS) in the heart [54].
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The existence of an independent brain RAS in which Ang 1l is produced locally by angiotensinogen
independently of the systemic RAS was established decades ago. Although the renin was found in
neurons and astrocytes, local production of Ang Il is also regulated by other brain-specific enzymes such
as chymase and cathepsin G. The brain RAS is represented by the ACE1, Ang Il, AT1-R, AT2-R, and
components for the counterregulatory RAS including ACE2, Ang 1-7, MasR and MgrD [55]. It
contributes to the brain's control of various physiological processes in the central nervous system (CNS),
including blood pressure control, water balance, neuroendocrine regulation, stress responses, emotional
and memory modulation, and pain susceptibility. Dysregulation of brain tissue RAS has been implicated
in the development of various neurological disorders, including stroke, Alzheimer's disease, and
Parkinson's disease [56]. Interest in functions of the protective axis RAS increased after the invasion of
the SARS-CoV2 virus, which was found to bind to the peptidase domain of ACE2 through its spike
protein receptor-binding domain as part of the viral infection process [57].

Pain control and RAS

Recent research data indicates that pathological changes in the expression of RAS components are
involved in processes of inflammation or neuropathy, conditions associated with changed pain
interpretation. The RAS has a complex role in tissue-specific nociception, signal transduction, pain
processing, and interpretation. Ang Il may play a dual role depending on its site of action in the existing
pain processing network. Initial data on the effects of Ang Il administered into the brain ventricles
indicate brief inhibition of the phasic pain response [58]. In addition, the established involvement of brain
angiotensin receptors in stress-induced analgesia and morphine-induced analgesia suggests an interaction
with the opioidergic system [58]. Further study revealed that intracerebroventricular infusion of Ang II
had a longer-lasting antinociceptive effect in a visceral model of nociception and that this effect was
attenuated by blocking brain AT2 receptors [59]. These findings were later supported by a study on AT2-
deficient mice, which showed a lower pain threshold accompanied by decreased levels of beta-endorphin
in the brain [60]. Single doses of a selective AT2R agonist provoked short-term antinociception, and
chronic activation of brain AT2R increased nociception and attenuated the physiological diurnal rhythm
of phasic nociception [61].

Ang 1l and its specific receptors were shown to participate in the descending pain inhibitory
network controlled by PAG. The research showed that administering Ang 1l the PAG can reduce pain
caused by conditions such as plantar incision-induced allodynia [62]. Microinjection of Ang Il into the
caudal ventrolateral medulla (CVLM) induces hyperalgesia [63], which is not mediated by a direct
neuronal connection between the CVLM and the spinal cord, but AT1 receptor-positive neurons in
CVLMs project to the A5 noradrenergic nucleus of the pons, which further activates the neural circuit,
amplifying the pain signal [64]. Ang Il provoked a delayed short-lasting decrease in the mechanic pain
threshold after intracerebroventricular injection and this effect was not abolished by nonselective
angiotensin receptor antagonists [65].

The pronociceptive effect (scratching, licking, biting) of Ang Il has been provoked at the spinal
level by intrathecal administration of the peptide. These octapeptide-induced responses were attenuated
by local injection of a selective AT1 receptor blocker rather than an AT2 receptor antagonist. Pain-related
behavior was associated with p38 MAPK activation of spinal AT1 receptor-positive neurons and
astrocytes. Furthermore, administration of the heptapeptide Ang (1-7) attenuated Ang Il-induced
nociceptive behaviour and inhibited p38 MAPK phosphorylation mediated through Mas1 receptors [66].
AT1 receptors have been shown to take a part in the regulation of circadian rhythms of nociception in
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normotensive and spontaneously hypertensive rats. Chronic AT1 receptor blocking increased the pain
threshold in normotensive rats only during the resting phase [67].

Based on the latest knowledge about the composition and functions of RAS, we note that Ang 11
does not remain in its original form for long but is metabolized to Ang-(1-7), suggesting that Ang-(1-7)
is the main molecule responsible at least in part for the observed effects. It has been confirmed that the
dorsal spinal cord expresses all the components required for the construction of both the ACE/Ang II/AT1
receptor axis and the ACE2/Ang (1-7)/MASL1 receptor axis [68].

A recent study provided data on the co-localization of MAS1, NK1, and NMDA receptors in the
lumbar superficial dorsal horn. Ang (1-7) administered intrathecally inhibited the nociceptive response
induced by spinal SP and NMDA. This study evidenced the significant modulation of the ascending
nociceptive information by spinal MAS1 receptor activation [69]. All the components of the protective
RAS arm were found in the DRG of the spinal cord. Moreover, the expression of MAS1 receptors in the
DRG marked a daily increase in rats with a model of neuropathy pain. The neuropathic pain was
markedly alleviated by the administration of Ang 1-7 [70]. RAS components have been found in the joint
and bone tissues as well. Ang (1-7) was shown to inhibit cancer-induced bone pain (CIBP) via the MAS1
receptor without affecting tumor volume or bone metabolism [71]. The peripheral anti-nociceptive effects
of Ang (1-7) were first demonstrated in rats experiencing PGE2-induced pain [72]. PGE2-induced
hyperalgesia was subsequently suppressed by intraplanar administration of Ang (1-7) demonstrating its
analgesic effect directly on nerve endings. This effect was further blocked by the MAS1- antagonist A779
but was not affected by the opioid receptor antagonist naloxone indicating an opioid-independent
mechanism. A subsequent study revealed that the anti-nociceptive effect of Ang (1-7) was due to the
activation of the neuronal nitric oxide synthase/cyclic GMP pathway and ATP-sensitive K+ channels
locally at the site of administration [73].

Conclusions

Accumulating evidence describes the RAS as a homeostasis maintenance system and a complex
balanced system controlling structural changes in response to environmental and behavioral challenges.
Changes in the structures and dominance of one of the balancing arms of the RAS in various acute and
chronic diseases emphasize the importance of this system for the correct understanding of pathological
processes. The role of the RAS in the brain's pain control networks suggests further studies to uncover
the importance of angiotensins in developing and treating various types of pain.

References

1. Ueda H. Molecular mechanisms of neuropathic pain-phenotypic switch and initiation mechanisms.
Pharmacol Ther 2006; 109(1-2):57-77.

2. Vader K, Bostick GP, Carlesso LC, et al. The Revised IASP Definition of Pain and Accompanying
Notes: Considerations for the Physiotherapy Profession. Physiother Can 2021; 73(2):103-106.

3.  Raja SN, Carr DB, Cohen M, et al. The revised International Association for the Study of Pain
definition of pain: concepts, challenges, and compromises. Pain 2020; 161(9):1976-82.

4.  Kendroud S, Fitzgerald LA, Murray 1V, et al. Physiology, Nociceptive Pathways. In: StatPearls
[Internet]. Treasure Island (FL): StatPearls Publishing; 2024.

5. Sandkuhler J. Models and mechanisms of hyperalgesia and allodynia. Physiol Rev 2009;
89(2):707-58.

6.  Pérez de Vega MJ, Ferrer-Montiel A, Gonzalez-Mufiiz R. Recent progress in non-opioid analgesic
peptides. Arch Biochem Biophys 2018; 660:36-52.

54
Volume V111, 2024, Number 1: MEDICAL BIOLOGY STUDIES,

CLINICAL STUDIES, SOCIAL MEDICINE AND HEALTH CARE



Science & Research

7. Koivisto A, Jalava N, Bratty R, Pertovaara A. TRPA1 Antagonists for Pain Relief. Pharmaceuticals
(Basel) 2018; 11(4), 117.

8.  Zieglgansberger W. Substance P and pain chronicity. Cell Tissue Res 2019; 375(1):227-241.

9.  Middleton SJ, Barry AM, Comini M, et al. Studying human nociceptors: from fundamentals to
clinic. Brain 2021; 144(5):1312-1335.

10. Pereira V, Goudet C. Emerging Trends in Pain Modulation by Metabotropic Glutamate Receptors.
Front Mol Neurosci 2018; 11:464.

11. Bahari Z, Meftahi GH. Spinal a2 -adrenoceptors and neuropathic pain modulation; therapeutic
target. Br J Pharmacol 2019;1 76(14):2366-2381.

12.  Bamps D, Vriens J, de Hoon J, Voets T. TRP Channel Cooperation for Nociception: Therapeutic
Opportunities. Annu Rev Pharmacol Toxicol. 2021; 61:655-677.

13. Todd, A. Neuronal circuitry for pain processing in the dorsal horn. Nat Rev Neurosci 2010; 11:823-
836.

14. Orr PM, Shank BC, Black AC. The Role of Pain Classification Systems in Pain Management. Crit
Care Nurs Clin North Am 2017; 29(4):407-418.

15. Clauw DJ, Essex MN, Pitman V, Jones KD. Reframing chronic pain as a disease, not a symptom:
rationale and implications for pain management. Postgrad Med 2019; 131(3):185-198.

16. da Silva MDYV, Martelossi-Cebinelli G, Yaekashi KM, Carvalho TT, Borghi SM, Casagrande R,
Verri WA. A Narrative Review of the Dorsal Root Ganglia and Spinal Cord Mechanisms of Action of
Neuromodulation Therapies in Neuropathic Pain. Brain Sci 2024; 14(6):589.

17. Fields HL, Heinricher MM. Anatomy and physiology of a nociceptive modulatory system. Philos
Trans R Soc Lond B Biol Sci 1985; 308(1136):361-74.

18. Zheng H, Lim JY, Kim Y, Jung ST, Hwang SW. The role of oxytocin, vasopressin, and their
receptors at nociceptors in peripheral pain modulation. Front Neuroendocrinol 2021; 63:100942.

19. Bardin L. The complex role of serotonin and 5-HT receptors in chronic pain. Behav Pharmacol
2011; 22(5-6):390-404.

20. Wang XY, Jia WB, Xu X et al. A glutamatergic DRN-VTA pathway modulates neuropathic pain
and comorbid anhedonia-like behavior in mice. Nat Commun 2023; 14(1):5124.

21. Zhang CK, Wang P, Ji YY et al. Potentiation of the lateral habenula-ventral tegmental area pathway
underlines the susceptibility to depression in mice with chronic pain. Sci China Life Sci 2024; 67:67-82.
22. Campbell DJ. Circulating and tissue angiotensin systems. J Clin Invest 1987;79(1):1-6.

23.  Zhuo JL and Li XC. New insights and perspectives on intrarenal renin-angiotensin system: Focus
on intracrine/intracellular angiotensin 11. Peptides 2011; 32: 1551-1565.

24. Wu CH, Mohammadmoradi S, Chen JZ, Sawada H, Daugherty A, Lu HS. Renin-angiotensin
system and cardiovascular functions. Arterioscler Thromb Vasc Biol Vol 38, Number 7. Jul 2018

25. Santos RAS, Oudit GY, Verano-Braga T, Canta G, Steckelings UM, Bader M. The renin-
angiotensin system: going beyond the classical paradigms. Am J Physiol Heart Circ Physiol 2019; 316:0
26. Santos RAS, Sampaio WO, Alzamora AC, et al. The ACE2/angiotensin-(1-7)/MAS axis of the
renin-angiotensin system: focus on angiotensin-(1-7) Physiol Rev 2018; 98:505-553

27. Pop D, Dadarlat-Pop A, Tomoaia R, Zdrenghea D, Caloian B. Updates on the Renin-Angiotensin-
Aldosterone System and the Cardiovascular Continuum. Biomedicines 2024;12(7):1582.

28. Re RN. Cellular biology of the renin-angiotensin systems. Arch Intern Med 1984;144(10):2037-
41.

29. Danser AH, Deinum J. Renin, prorenin and the putative (pro)renin receptor. Hypertension
2005;46(5):1069-76.

55
Volume V111, 2024, Number 1: MEDICAL BIOLOGY STUDIES,

CLINICAL STUDIES, SOCIAL MEDICINE AND HEALTH CARE



Science & Research

30. Reudelhuber TL, Ramla D, Chiu L, Mercure C, Seidah NG. Proteolytic processing of human
prorenin in renal and non-renal tissues. Kidney Int 1994; 46:1522-1524

31. Neves FA, Duncan KG, Baxter JD. Cathepsin B is a prorenin-processing enzyme. Hypertension
1996; 27:514-517

32. Skrabal F. Half-life of plasma renin activity in normal subjects and in malignant hypertension.
Klin Wochenschr 1974; 52:1173-1174

33.  Morgan L, Broughton Pipkin F, Kalsheker N. Angiotensinogen: molecular biology, biochemistry
and physiology. Int J Biochem Cell Biol 1996; 28:1211-1222

34. Laghlam D, Jozwiak M, Nguyen LS. Renin-angiotensin-aldosterone system and
immunomodulation. A state-of-the-art review. Cells 2021; 10:1767.

35. Studdy PR, Lapworth R, Bird R. Angiotensin-converting enzyme and its clinical significance--a
review. J Clin Pathol 1983; 36:938-947.

36. Guo DF, Sun YL, Hamet P, Inagami T. The angiotensin Il type 1 receptor and receptor-associated
proteins. Cell Res 2001; 11:165-180.

37. Karnik SS, Unal H, Kemp JR, et al. International union of basic and clinical pharmacology. XCIX.
Angiotensin receptors: interpreters of pathophysiological angiotensinergic stimuli [corrected].
Pharmacol Rev 2015;67:754-819.

38. Carey RM, Wang ZQ, Siragy HM. Role of the angiotensin type 2 receptor in the regulation of blood
pressure and renal function. Hypertension 2000; 35:155-163.

39. Kaschina E, Unger T. Angiotensin AT1/AT2 receptors: regulation, signaling and function. Blood
Press 2003;12:70-88.

40. Donoghue M, Hsieh F, Baronas E, et al. A novel angiotensin-converting enzyme-related
carboxypeptidase (ACE2) converts angiotensin | to angiotensin 1-9. Circ Res 2000; 87:0-9.

41. Vickers C, Hales P, Kaushik V, et al. Hydrolysis of biological peptides by human angiotensin-
converting enzyme-related carboxypeptidase. J Biol Chem 2002; 277:14838-14843.

42. Doobay MF, Talman LS, Obr TD, Tian X, Davisson RL, Lazartigues E. Am J. Differential
expression of neuronal ACE2 in transgenic mice with overexpression of the brain renin-angiotensin
system. Regul Integr Comp Physiol 2007; 292:0-381.

43. Lambert DW, Yarski M, Warner FJ, et al. Tumor necrosis factor-alpha convertase (ADAM17)
mediates regulated ectodomain shedding of the severe-acute respiratory syndrome-coronavirus (SARS-
CoV) receptor, angiotensin-converting enzyme-2 (ACE2) J Biol Chem 2005;280:30113-30119.

44. Flores-Munoz M, Godinho BM, Almalik A, Nicklin SA. Adenoviral delivery of angiotensin-(1-7)
or angiotensin-(1-9) inhibits cardiomyocyte hypertrophy via the mas or angiotensin type 2 receptor.
Public Library of Science One. 2012; 7:0.

45. Ocaranza MP, Moya J, Barrientos V, et al. Angiotensin-(1-9) reverses experimental hypertension
and cardiovascular damage by inhibition of the angiotensin converting enzyme/Ang Il axis. J Hypertens
2014; 32:771-783.

46. Patel VB, Zhong JC, Grant MB, Oudit GY. Role of the ACE2/angiotensin 1-7 axis of the renin-
angiotensin system in heart failure. Circ Res 2016; 118:1313-1326.

47. Santos RA, Ferreira AJ, Verano-Braga T, Bader M. Angiotensin-converting enzyme 2, angiotensin-
(1-7) and Mas: new players of the renin-angiotensin system. J Endocrinol 2013; 216:0.

48. McKinney CA, Fattah C, Loughrey CM, Milligan G, Nicklin SA. Angiotensin-(1-7) and
angiotensin-( 1-9): function in cardiac and vascular remodeling. Clin Sci (Lond) 2014 ;126:815-827.
49. Mercure C, Yogi A, Callera GE, et al. Angiotensin (1-7) blunts hypertensive cardiac remodeling by
a direct effect on the heart. Circ Res 2008; 103:1319-1326.

56
Volume V111, 2024, Number 1: MEDICAL BIOLOGY STUDIES,

CLINICAL STUDIES, SOCIAL MEDICINE AND HEALTH CARE



Science & Research

50. Ferreira AJ, Bader M, Santos RA. Therapeutic targeting of the angiotensin-converting enzyme
2/angiotensin-(1-7)/Mas cascade in the renin-angiotensin system: a patent review. Expert Opin Ther Pat
2012; 22:567-574.

51. Touyz RM, Montezano AC. Angiotensin-(1-7) and vascular function: the clinical context.
Hypertension 2018; 71:68-69.

52.  Hami J, von Bohlen Und Halbach V, Tetzner A, Walther T, von Bohlen Und Halbach O.
Localization and expression of the Mas-related G-protein coupled receptor member D (MrgD) in the
mouse brain. Heliyon 2021; 7(11):e08440.

53. Tetzner A, Gebolys K, Meinert C, et al. G-protein-coupled receptor MrgD is a receptor for
angiotensin-(1-7) involving adenylyl cyclase, cCAMP, and phosphokinase A. Hypertension 2016; 68:185—
194.

54. Sampaio WO, Souza dos Santos RA, Faria-Silva R, da Mata Machado LT, Schiffrin EL, Touyz
RM. Angiotensin-(1-7) through receptor Mas mediates endothelial nitric oxide synthase activation via
Akt-dependent pathways. Hypertension 2007; 49:185-192.

55. Jackson L, Eldahshan W, Fagan SC, Ergul A. Within the brain: the renin-angiotensin system. Int J
Mol Sci 2018;19:876.

56. Abiodun OA, Ola MS. Saudi J Role of brain renin-angiotensin system in neurodegeneration: an
update. Biol Sci 2020; 27:905-912.

57. Sominsky L, Walker DW, Spencer SJ. One size does not fit all - Patterns of vulnerability and
resilience in the COVID-19 pandemic and why heterogeneity of disease matters. Brain Behav Immun
2020; 87:1-3.

58. Haulica, I.; Neamtu, C.; Stratone, A.; Petrescu, G.; Branisteanu, D.; Rosca, V.; Slatineanu, S.:
Evidence for the involvement of cerebral renin—angiotensin system (RAS) in stress analgesia. Pain
27:237-245; 1986.

59. Georgieva D, Georgiev V. The role of angiotensin Il and of its receptor subtypes in the acetic acid-
induced abdominal constriction test. Pharmacol Biochem Behav 1999 Feb;62(2):229-32

60. Sakagawa T, Okuyama S, Kawashima N, Hozumi S, Nakagawasai O, Tadano T, et al. Pain
threshold, learning, and formation of brain edema in mice lacking the angiotensin Il type 2 receptor. Life
Sci 2000; 67:2577- 85

61. Pechlivanova DM, Markova PP, Popov D, Stoynev AG. The role of the angiotensin AT2 receptor
on the diurnal variations of nociception and motor coordination in rats. Peptides 2013 Jan; 39:152-6.
62. Pelegrini-da-Silva, A.; Martins, A.R.; Prado, W.A. A new role for the renin-angiotensin system in
the rat periagueductal gray matter: Angiotensin receptor-mediated modulation of nociception.
Neuroscience 2005, 132, 453-463.

63. Marques-Lopes, J.; Pinto, M.; Pinho, D.; Morato, M.; Patinha, D.; Albino-Teixeira, A.; Tavares, I.
Microinjection of angiotensin Il in the caudal ventrolateral medulla induces hyperalgesia. Neuroscience
2009, 158, 1301-1310.

64. Marques-Lopes, J.; Pinho, D.; Albino-Teixeira, A.; Tavares, | The hyperalgesic effects induced by
the injection of angiotensin Il into the caudal ventrolateral medulla are mediated by the pontine A5
noradrenergic cell group. Brain Res 2010, 1325, 41-52.

65. TchekalarovaJ, Pechlivanova D, Kambourova T, Matsoukas J, Georgiev V. The effects of sarmesin,
an Angiotensin 11 analogue on seizure susceptibility, memory retention and nociception. Regul Pept 2003
Mar 28;111(1-3):191-7.

57
Volume V111, 2024, Number 1: MEDICAL BIOLOGY STUDIES,

CLINICAL STUDIES, SOCIAL MEDICINE AND HEALTH CARE



Science & Research

66. Nemoto W, Ogata Y, Nakagawasai O, Yaoita F, Tadano T, Tan-No K. Angiotensin (1-7) prevents
angiotensin Il-induced nociceptive behaviour via inhibition of p38 MAPK phosphorylation mediated
through spinal Mas receptors in mice. Eur J Pain 2014 Nov;18(10):1471-9.

67. Pechlivanova DM, Markova PP, Stoynev AG. Effect of the AT: receptor antagonist losartan on
diurnal variation in pain threshold in spontaneously hypertensive rats. Methods Find Exp Clin Pharmacol
2010 Nov;32(9):663-8.

68. Naseem, R.H.; Hedegard, W.; Henry, T.D.; Lessard, J.; Sutter, K.; Katz, S.A. Plasma cathepsin D
isoforms and their active metabolites increase after myocardial infarction and contribute to plasma renin
activity. Basic Res Cardiol 2005, 100, 139-146.

69. Yamagata R, Nemoto W, Fujita M, Nakagawasai O, Tan-No K. Angiotensin (1-7) Attenuates the
Nociceptive Behavior Induced by Substance P and NMDA via Spinal MAS1. Biol Pharm Bull
2021;44(5):742-746

70. Zhao, Y.; Qin, Y.; Liu, T.; Hao, D. Chronic nerve injury-induced Mas receptor expression in dorsal
root ganglion neurons alleviates neuropathic pain. Exp Ther Med 2015, 10, 2384-2388.

71. Forte, B.L.; Slosky, L.M.; Zhang, H.; Arnold, M.R.; Staatz, W.D.; Hay, M.; Largent-Milnes, T.M.;
Vanderah, T.W. Angiotensin-(1-7)/Mas receptor as an antinociceptive agent in cancer-induced bone
pain. Pain 2016, 157, 2709-2721.

72. Costa, A.C.; Becker, L.K.; Moraes, E.R.; Romero, T.R.; Guzzo, L.; Santos, R.A.; Duarte, 1.D.
Angiotensin-(1-7) induces peripheral antinociception through mas receptor activation in an opioid-
independent pathway. Pharmacology 2012, 89, 137-144.

73. Costa, A.; Galdino, G.; Romero, T.; Silva, G.; Cortes, S.; Santos, R.; Duarte, I. Ang-(1-7) activates
the NO/cGMP and ATP-sensitive K+ channels pathway to induce peripheral antinociception in rats.
Nitric Oxide 2014, 37, 11-16.

58
Volume V111, 2024, Number 1: MEDICAL BIOLOGY STUDIES,

CLINICAL STUDIES, SOCIAL MEDICINE AND HEALTH CARE



