
                    

SEMMELWEIS EGYETEM 

DOKTORI ISKOLA 

 

 

Ph.D. értekezések 

 

 

 

3028. 

 

 

 

KARÁDI DÁVID ÁRPÁD 

 
 

 

 

 

 

 

Experimentális és klinikai farmakológia 

című program 

 

 

  
 
 

 

 
Programvezető: Dr. Szökő Éva, egyetemi tanár 

Témavezető: Dr. Al-Khrasani Mahmoud, egyetemi docens 

        



Impact of angiotensin receptor type 1 

antagonists in neuropathic pain and 

opioid analgesic tolerance 

Ph.D. thesis 

Dávid Árpád Karádi M.D. 

Semmelweis University 

Doctoral College 

Pharmaceutical Sciences and Health Technologies Division 

 

Supervisor:   Mahmoud Al-Khrasani, Pharm.D., Ph.D. 

Official reviewers: Zupkó István, Pharm.D., D.Sc. 

   Juhász Gabriella, M.D., D.Sc. 

 

Head of the Complex Examination Committee:  Éva Szökő, Pharm.D., D.Sc. 

Members of the Complex Examination Committee:  László Tóthfalusi, Pharm.D., D.Sc. 

        Eszter Ducza, Pharm.D., Ph.D. 

Budapest 

2024 



1 

 

TABLE OF CONTENTS 

Table of contents .............................................................................................................. 1 

List of abbreviations ......................................................................................................... 4 

1. Introduction .................................................................................................................. 7 

1.1. Pain and its relief ........................................................................................... 7 

1.1.1. Pain transmission ............................................................................ 8 

1.1.2. Neuropathic pain ........................................................................... 10 

1.1.2.1. Current Treatment Options in Neuropathic Pain .................. 11 

1.2. The renin-angiotensin system and its function in the somatosensory system

 ............................................................................................................................ 12 

1.2.1 Angiotensin receptors .................................................................... 13 

1.2.2. Neuroanatomical distribution of angiotensin receptors and 

endogenous ligands in areas relevant to pain control ............................. 14 

1.2.3. Mimetics and antagonists of RAS in relation to pain ................... 16 

1.2.4. Interplay between the central RAS and opioid system in relation to 

analgesia .................................................................................................. 17 

1.3. Opioids and analgesia .................................................................................. 18 

1.3.1. Neuroanatomical distribution of µ-opioid receptors ..................... 19 

1.3.2. Opioid analgesic tolerance ............................................................ 20 

1.3.3. The role of microglial activation in opioid tolerance and neuropathic 

pain .......................................................................................................... 21 

2. Objectives ................................................................................................................... 23 

3. Methods ...................................................................................................................... 24 

3.1. Experimental animals .................................................................................. 24 

3.2. Materials ...................................................................................................... 24 

3.3. Experimental protocols ................................................................................ 26 



2 

 

3.3.1. Mononeuropathic pain model ....................................................... 26 

3.3.2. Morphine analgesic tolerance model ............................................ 29 

3.3.2.1. Experiments with AT1 antagonists, telmisartan or losartan . 29 

3.3.2.2. Experiments with PPARγ antagonist, GW9662 .................... 29 

3.3.3. Motor Function Testing ................................................................ 32 

3.3.4. Morphine-stimulated [35S]GTPγS binding assay .......................... 32 

3.3.5. Immunohistochemistry ................................................................. 33 

3.3.6. RNA Scope® in-situ mRNA hybridisation .................................. 34 

3.3.7. Capillary electrophoresis analysis of neurotransmitter content .... 35 

3.4. Statistical Analysis ....................................................................................... 35 

4. Results ........................................................................................................................ 36 

4.1. The impact of telmisartan, losartan or their combination with morphine in 

neuropathic pain evoked by sciatic nerve injury ................................................ 36 

4.1.1. Oral telmisartan or losartan produces acute antiallodynic effect in 

certain doses ............................................................................................ 36 

4.1.2. Morphine cannot increase PWT of neuropathic animals at low doses, 

but produces acute antinociceptive effect at higher doses ...................... 36 

4.1.3. Combination of telmisartan, but not losartan, with morphine at 

subanalgesic doses produces antiallodynia after chronic treatment ....... 38 

4.1.4. Influence of telmisartan on changes observed in morphine-

stimulated [35S]GTPγS binding in the spinal cord of rats with neuropathic 

pain after repeated morphine administration .......................................... 40 

4.2. Impact of subanalgesic doses of losartan or telmisartan on the development 

of morphine analgesic tolerance and accompanying spinal microglial activation

 ............................................................................................................................ 42 

4.2.1. Telmisartan delays the development of morphine analgesic tolerance 

in the rat tail-flick assay .......................................................................... 42 



3 

 

4.2.2. Losartan delays the development of morphine analgesic tolerance in 

the rat tail-flick assay .............................................................................. 42 

4.2.3. PPARγ antagonist attenuates the effect of losartan or telmisartan on 

the development of morphine analgesic tolerance .................................. 43 

4.2.4. Morphine-induced spinal microglial infiltration is decreased by 

telmisartan or losartan through PPARγ................................................... 43 

4.3. Telmisartan and morphine combination is devoid of causing motor 

dysfunction in rats ............................................................................................... 48 

4.4. OPRM1 mRNA Co-Localises with AGTR1A and AGTR2 mRNA at Key 

Points of Pain Transmission ............................................................................... 49 

4.4.1. Dorsal root ganglia ........................................................................ 49 

4.4.2. Spinal cord dorsal horn ................................................................. 50 

4.4.3. Periaqueductal grey ....................................................................... 50 

4.5. Impact of AT1 receptor antagonists alone or in combination with morphine 

on CSF L-glutamate and D-serine content in neuropathic and opioid tolerant rats

 ............................................................................................................................ 53 

5. Discussion ................................................................................................................... 57 

6. Conclusions ................................................................................................................ 66 

7. Summary ..................................................................................................................... 67 

8. References .................................................................................................................. 68 

9. Bibliography of the candidate’s publications ............................................................. 94 

9.1. The publications of the candidate involved in the current thesis ................. 94 

9.2. The publications of the candidate not involved in the current thesis........... 94 

10. Acknowledgements .................................................................................................. 96 

 

 



4 

 

LIST OF ABBREVIATIONS 

ACE1: angiotensin converting enzyme 1 

AGTR1a: angiotensin II receptor type 1a (gene) 

Ang(1-7): angiotensin(1-7) 

AngI: angiotensin I 

AngII: angiotensin II 

AngIII: angiotensin III 

AngIV: angiotensin IV 

ANOVA: analysis of variance 

ARB: angiotensin receptor type 1 blocker 

AT1 receptor: angiotensin receptor type 1 

AT2 receptor: angiotensin receptor type 2 

autorad: autoradiography 

B1R: bradykinin B1 receptor 

BDNF: brain derived neurotrophic factor 

BW: bodyweight 

CALCA: calcitonin related polypeptide alpha (gene) 

cAMP: cyclic adenosine monophosphate 

CCI: chronic constriction injury 

CGRP: calcitonin gene-related peptide 

CI: confidence interval 

CNS: central nervous system 

COX-2: cyclooxygenase 2 

CSF: cerebrospinal fluid 

D-AP5: D-2-amino-5-phosphonopentanoate 

DAMGO: [D-Ala2,N-MePhe4,Gly-ol]-enkephalin 

DH: dorsal horn 

DM: diabetes mellitus 

DMSO: dimethyl sulfoxide 

DPA: dynamic plantar aesthesiometer 

DRG: dorsal root ganglion 



5 

 

EGTA: ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid 

ELISA: enzyme-linked immunosorbent assay 

ERK1: extracellular signal regulated kinase 1 

ERK2: extracellular signal regulated kinase 1 

FRAP: fluoride-resistant acid phosphatase 

GABA: γ-Aminobutyric acid 

GDP: guanosine diphosphate 

GPCR: G-protein coupled receptor 

GRK: G-protein coupled receptor kinase 

GTP: guanosine triphosphate 

HEC: hydroxyethyl cellulose 

HEPES: 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid 

IASP: International Association for the Study of Pain 

IB4: isolectin B4 

IHC: immunohistochemistry 

ip.: intraperitoneal 

ISH: in situ hybridization 

JAK: Janus kinase 

LC: locus coeruleus 

MAP: mitogen-activated protein 

MOR: µ-opioid receptor 

mRNA: messenger ribonucleic acid 

NAc: nucleus accumbens 

NBD-F: 7-fluoro-4-nitro-2,1,3-benzoxadiazole 

NF200: neurofilament protein 200 

NGF: nerve growth factor 

NK1: neurokinin 1 

NMDA: N-methyl D-aspartate 

NNT: number needed to treat 

NOS: nitric oxide synthase 

NP: neuropathic pain 

NS: noxious-stimuli specific 



6 

 

NSAID: non-steroidal anti-inflammatory drug 

OPRM1: opioid receptor mu-1 (gene) 

PAG: periaqueductal gray 

PBS: phosphate-buffered saline 

PCR: polymerase chain reaction 

PKA: protein kinase A 

PKC: protein kinase C 

po.: per os 

PPARγ: peroxisome proliferator-activated receptor gamma 

pSNL: partial sciatic nerve ligation 

PWT: paw withdrawal threshold 

RAS: renin-angiotensin system 

RB: radio-ligand binding 

RIA: radioimmunoassay 

RNA: ribonucleic acid 

RPM: rotation per minute 

S.E.M.: standard error of means 

sc.: subcutaneous 

SNRI: serotonin-noradrenaline reuptake inhibitors 

SP: substance P 

SST: somatostatin 

TCA: tricyclic antidepressant 

TG: trigeminal ganglion 

TrkA: tropomyosin receptor kinase A 

TRP: transient receptor potential 

VGLUT1: vesicular glutamate transporter 1 

VH: ventral horn 

VTA: ventral tegmental area 

WB: western blot 

WDR: wide-dynamic range 

WHO: World Health Organization 

 



7 

 

1. INTRODUCTION 

1.1. Pain and its relief 

In most cases, pain is a very important indicator of pathology and, therefore, has 

an essential adaptive function. However, in medical practice today, we are often reminded 

of the thoughts of Albert Schweitzer, who, in describing his experiences and observations 

in Equatorial Africa, says: "Pain is a more terrible lord of mankind than even death itself.". 

Indeed, while certain pain types such as acute nociceptive or inflammatory pain are 

adequately treatable by modern pharmacological means, chronic pain is a growing 

epidemiological, economic, and humanitarian problem that has yet to be satisfactorily 

addressed by pharmaceuticals. A study on the prevalence of chronic pain conducted in 

Europe has found that 19% of the population had experienced pain lasting for at least 6 

months and suffered from pain in the last month and several times during the last week 

[1]. In addition, chronic pain is one of the most common reasons for seeking medical care 

[2]. 

Analgesia, the relief of pain without complete loss of sensation, is not only a 

humanitarian duty of medical professionals, but also directly contributes to the recovery 

of patients and to the reduction of their anxiety. The medicinal use of poppy alkaloids for 

analgesic purposes dates back to antiquity. In the third millennium BC, poppy was called 

"hul gil", or "the plant of joy" in Sumerian, implying that opium was used as a euphoric 

agent to enhance religious rituals rather than as a strictly medicinal product. Text of the 

ancient Egyptian Ebers papyrus dating to ca. 1550 BC implies that Egyptians likely used 

opium preparations to relieve pain and to induce sedation. Opium is probably mentioned 

in Homer's Odyssey (around the ninth century BC), when Athena, daughter of Zeus helps 

Telemachus, and his companions to forget their grief by giving them a certain preparation: 

“Presently she cast a drug into the wine of which they drank to lull all pain and 

anger and bring forgetfulness of every sorrow.” 

The Odyssey, Homer 
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From the 8th century onwards, opium began to spread to India and China via 

Arabic traders, and by the 13th century, it had reached Europe. As its use became 

widespread around the 16th century, the first descriptions of side effects such as addiction 

and tolerance appeared in China and in Europe [3,4]. 

In 1805 Friedrich Sertrüner succeeded in isolating an alkaloid from opium, which 

he named morphine after Morpheus, the god of dreams [5]. To this day, morphine remains 

one of the mainstay drugs of pain relief in medicine, used in various clinical scenarios of 

acute and chronic pain. In the mid-20th century, non-opioid analgesics, such as non-

steroidal anti-inflammatory drugs (NSAIDs) among others were developed as alternatives 

or adjuvants to opioids for pain relief. At present, modern pain management consists of 

opioid and non-opioid analgesics, as well as other, non-pharmacological tools. 

1.1.1. Pain transmission 

The normal sensation of pain provides the basis to avoid tissue damage thus it is 

an indispensable factor of survival. However, under pathological conditions, maladaptive 

changes may occur, resulting in symptoms such as hyperalgesia (increased sensitivity to 

painful stimuli) or allodynia (pain evoked by a normally non-painful stimulus). The first 

step in the processing of pain is “transduction”, and it refers to the phenomenon where an 

external noxious stimulus is converted into an electrophysiological signal by nociceptors 

[6]. This process is mediated by specific receptors, such as pressure receptors, 

temperature coding receptors or acid sensing ion channels among others [7]. The 

activation of these receptors causes an action potential that is transmitted by sensory 

fibres, classified based on their diameter, myelination and – consequently – their 

conduction properties. Pain can be transmitted by two types of sensory fibres: thinly 

myelinated Aδ or unmyelinated C fibres. The adequate modality of Aδ fibres can be 

thermal or mechanical stimuli while C fibres are polymodal, as they respond to multiple 

modalities [8]. The cell bodies of pseudounipolar, primary afferent sensory neurons are 

located in the dorsal root ganglia (DRG) or trigeminal ganglia [8]. Classically, these DRG 

neurons can be categorized based on their size (small, medium and large sized neurons) 

and their neurochemical features. A major distinction is made when subdividing small 

sized cells between neurons that contain neuropeptides such as substance P (SP), 

calcitonin gene-related peptide (CGRP) or somatostatin (SST), hence named 
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“peptidergic” [8,9] and neurons that do not contain neuropeptides, called “non-

peptidergic”. The latter ones contain fluoride-resistant acid phosphatase (FRAP) and bind 

isolectin B4 (IB4) [10]. Peptidergic and non-peptidergic neurons also differ in function. 

As a neurotransmitter, SP, in addition to glutamate, has a prominent role in facilitating 

pain transmission [11]. Furthermore, only peptidergic cells express the receptor for nerve 

growth factor (NGF), tropomyosin receptor kinase A (TrkA) [12,13]. This growth factor 

is a highly validated factor in pain sensation and the development of hyperalgesia [14–

19]. 

Central axons of DRG primary afferent neurons form synapses with secondary 

sensory neurons in the dorsal horn of the spinal cord. Peptidergic DRG neurons terminate 

in lamina I and superficial lamina II, while non-peptidergic ones terminate in deeper 

lamina II [11]. The most superficial layer, lamina I of the spinal cord contains noxious 

stimuli specific (NS) neurons, further forming the contralateral lateral spinothalamic tract 

and wide dynamic range (WDR) cells, that display a large receptive field, with a centre 

recognizing both noxious and non-noxious stimuli and a surrounding area which 

exclusively responds to noxious stimuli [11,20]. There is evidence that WDR neurons can 

create a distinction between noxious and non-noxious stimuli by firing at a higher or 

lower frequency, which contributes to their proposed integrative function and also under 

pathological conditions to the development of allodynia by disproportional 

responsiveness to non-noxious stimuli [8,20,21]. Lamina II, also known as the substantia 

gelatinosa has the most prominent role in modulating sensory input at a spinal level. This 

layer contains a number of inhibitory interneurons terminating locally or projecting 

towards other laminae [8]. These inhibitory neurons can be activated by descending 

monoaminergic pathways or by collaterals of Aβ fibres (“gate-control of pain”). 

Activation results in presynaptic inhibition of Aδ and C primary afferents by endogenous 

opioid, GABA or glycine release [8,22,23]. Disinhibition arising as a consequence of 

functional loss of lamina II inhibitory neurons seems to be a factor of paramount 

importance in the development of certain chronic pain states, such as neuropathic pain 

[23,24]. 
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1.1.2. Neuropathic pain 

Neuropathic pain (NP) as defined by the International Association for the Study 

of Pain (IASP) is “pain that arises as a direct consequence of a lesion or diseases affecting 

the somatosensory system.”. This condition is most often the result of toxic effects, such 

as treatment with various chemotherapeutic agents or chronic alcohol intake, but the 

pathogenic role of high blood sugar in diabetes mellitus, herpes viruses or nerves 

damaged by surgery or tumours is also important. Hallmark symptoms of NP include 

allodynia and hyperalgesia and it is often accompanied by paraesthesia, motor 

dysfunction or autonomic disorders. 

Following axonal injury, the disintegration of the myelin sheath is followed by an 

inflammatory process called Wallerian degeneration. This involves activation of 

macrophages, granulocytes, and T-cells which is accompanied by the release of 

proinflammatory mediators and growth factors [25–27]. Following Wallerian 

degeneration, complex changes in the sensory system can be observed. These include 

significant alteration in the expression and distribution of ion channels, such as voltage-

gated sodium, calcium, and transient receptor potential (TRP) channels [28]. The increase 

in the expression of the α2δ subunit of voltage-gated calcium channels in the DRG and 

spinal cord is not only an important factor in the development of allodynia [29,30] but 

also serves as a pharmacological target for one of the first line treatment options for NP, 

as described below. Similarly, expression changes of different ion channels and their 

exploitability as targets for novel analgesics is a highly researched topic. 

The spinal nociceptive network undergoes significant changes in neuropathy. As 

mentioned above, this includes disinhibition caused by the loss of function of GABAergic 

and glycinergic inhibitory interneurons [23,31], and a decrease in functional opioid 

receptor number on the pre- and postsynaptic sites of sensory afferent terminals [32–35]. 

In addition to the impaired function of spinal inhibitory circuits, disinhibition of 

glutamatergic N-methyl-D-aspartate (NMDA) receptors occurs under neuropathic 

conditions. This phenomenon is called long-term potentiation, and it is achieved by either 

repeated depolarisation or stimulation with co-neurotransmitters such as SP or CGRP, 

released from the central terminal of peptidergic primary afferent neurons. The activation 

of NMDA receptors manifests in increased intracellular calcium concentration and 

overall excitability of projection neurons, which makes these cells highly responsive to 
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stimulation by low level C or Aδ firing or even by stimulation of Aβ fibres, causing 

hyperalgesia or allodynia, respectively [23,36,37]. 

1.1.2.1. Current Treatment Options in Neuropathic Pain 

Understanding the molecular mechanisms that lead to NP can help to identify 

novel pharmacological targets for treatment and explain variations in drug response 

between patients. Each aetiology may present with somewhat unique pathophysiological 

mechanisms, leading to distinct pain phenotypes. Consequently, these variations in 

underlying mechanisms contribute to the observed differences in response to first line 

medications [38,39]. Despite efforts to develop one, individualised pharmacotherapy on 

a mechanistic basis has yet to be part of the clinical routine [39]. Current first line 

systemic pharmacotherapy for NP primarily includes tricyclic antidepressants (TCAs), 

serotonin-noradrenaline reuptake inhibitors (SNRIs), and certain anticonvulsants, such as 

gabapentin and pregabalin [38,40]. 

TCAs, particularly amitriptyline are commonly used as treatment in several 

chronic pain states, and NP is no exception. Their mechanism of action in NP appears to 

rely on the inhibition of monoamine reuptake, although blockade of voltage-gated sodium 

channels has also been proposed as a mechanism [41]. In a recent meta-analysis by 

Finnerup et al., calculated from placebo-controlled trials, combined number needed to 

treat (NNT) for 50% pain relief value of TCAs was 3.6 (95% CI 3.0-4.4) [38]. Among 

SNRIs, most guidelines recommend the use of duloxetine or venlafaxine in a number of 

NP states [38,40,42]. Placebo-controlled trials with duloxetine highlighted its efficacy in 

diabetic polyneuropathy and chemotherapy-induced NP, while venlafaxine was effective 

in mixed painful polyneuropathy and diabetic polyneuropathy [42]. Combined NNT 

value for 50% pain relief was 6.4 (95% CI 5.2-8.4) [38].  

Pregabalin and gabapentin bind to the α2δ subunit of presynaptic voltage-gated 

calcium channels in the spinal cord, causing attenuation of excitatory neurotransmitter 

release (glutamate and SP) and inducing redistribution of calcium channels away from 

functional membrane sites [42,43]. Their efficacy is highly validated in several NP types, 

such as painful polyneuropathy [44,45], spinal cord injury [46,47], or post-herpetic 

neuralgia [48,49] with a combined NNT of 7.7 (95% CI 6.5-9.4) for pregabalin and 6.3 

(95% CI 5.0-8.3) for gabapentin [38]. 



12 

 

Largely because of the reduced µ-opioid receptor (MOR) reserve in the spinal 

cord seen in neuropathy, opioids are less effective in relieving NP than other pain types. 

Although there is considerable uncertainty about their efficacy in relieving NP and 

improving quality of life of patients, they are still considered second or third line 

treatment options in most guidelines [38,40,42]. Until the optimal effect of other agents 

is achieved, some studies suggest their use in combination with the above-mentioned 

treatment options [50–52]. However, it is important to bear in mind that these drugs have 

a high potential for abuse, they can cause serious side effects and the development of 

analgesic tolerance can hinder their use (see Chapter 1.3). Certain weak opioid agonists, 

such as tramadol and tapentadol also display monoamine-reuptake inhibitory effects 

[53,54] which might enhance their efficacy in reducing NP. Tramadol and tapentadol 

have an NNT value of 4.7 (95% CI 3.6 - 6.7) and 10.2 (95% CI 5.3 - 185.5) respectively, 

based on a combination of 7 and 1 positive study, respectively [38]. 

Effective management of NP remains a serious clinical challenge. A significant 

number of patients treated with current first line agents experience inadequate pain relief 

or intolerable side effects. Thus, there is urgent need for the development of novel 

treatment options that provide improved quality of life, adequate pain control and reduced 

financial burden for society. 

1.2. The renin-angiotensin system and its function in the somatosensory 

system 

The renin-angiotensin system (RAS) is a well-known endocrine modulator that 

regulates systemic blood pressure primarily through the action of its main bioactive 

octapeptide, angiotensin II (AngII). AngII is synthesised endogenously by a series of 

enzymatic conversions, starting with the cleavage of angiotensinogen by renin to the 

inactive intermediate angiotensin I (AngI). AngI is cleaved by the angiotensin converting 

enzyme 1 (ACE1) to form AngII [55]. Importantly, AngII production is not exclusively 

mediated by ACE1 as several other enzymes can also catalyse this process, namely 

cathepsin G, chymase, tonin or neprilysin, among others [56–59]. In addition to AngII, 

alternative pathways result in other peptides with biological activity, namely angiotensin 

III (AngIII), angiotensin IV (AngIV) or Ang(1-7) [60]. All the necessary precursors and 
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enzymes for the formation of biologically active ligands can also be found in the central 

nervous system (CNS) [59,61]. The central RAS and its components have gained 

attention for their involvement in emotional processes, learning and memory and sensory 

functions, among others [59]. The potential therapeutic use of drugs influencing this 

system has been suggested by numerous publications in, but not limited to, 

neurodegenerative diseases [62,63] or chronic pain conditions, such as NP [60,64–84]. 

RAS inhibitors often used in these studies are widely available, inexpensive, and safe 

drugs that are already in clinical use for the treatment of cardiovascular diseases. These 

characteristics make them ideal candidates for drug repurposing efforts. 

1.2.1 Angiotensin receptors 

Angiotensin receptor type 1 (AT1 receptor) and angiotensin receptor type 2 (AT2 

receptor) [85] are two mammalian receptors that have been cloned and characterised as 

targets for biologically active peptides in the RAS. AngII binds with similar affinity to 

the AT1 and the AT2 receptor [60,76]. These are G protein-coupled receptors (GPCRs) 

with multiple possible signalling pathways upon activation that can be either 

heterotrimeric G protein dependent or independent allowing for a wide range of biological 

effects. The AT1 receptor couples to several types of Gα subunits, such as the Gq/G11, 

Gi/Go, G12 and G13 in addition to small G-proteins [76]. Furthermore, activation of AT1 

receptors can stimulate growth factor pathways, by activation of mitogen-activated 

protein (MAP) kinases, Janus kinases (JAK) among others [86]. Their heterodimerisation 

with AT2 or other receptors has also been noted [76,87]. The signalling pathways of the 

AT2 receptors are much less understood. The first uncertainty is that although the AT2 

receptor had been recognised as a member of the GPCR family, studies have described 

no change in cytosolic Ca+ concentration or modulation of cyclic AMP (cAMP) after 

activation [76,88] and no detectable increase in (35S)GTPγS binding after agonist binding 

[89]. Controversially, more recent works have demonstrated coupling to Gi proteins, an 

observation that was further supported by sensitivity to pertussis toxin [90–92]. AT2 

receptor activation also results in phosphorylation of endothelial nitric-oxide synthase 

(NOS) through a protein kinase A (PKA)-dependent pathway, which would suggest Gs 

coupling [93]. In addition, AT2 couples to phosphatases, resulting in apoptotic and anti-



14 

 

growth effects via dephosphorylation of extracellular signal regulated kinases 1 and 2 

(ERK1 and 2) [94,95]. 

The angiotensin IV receptor, endogenously activated by AngIV, or the MAS 

receptor, which is activated by the angiotensin-metabolite heptapeptide Ang(1-7) and 

primarily works as an antagonist to AngII-AT1 receptorial activity, are outside the scope 

of the present work and will not be discussed in detail. 

1.2.2. Neuroanatomical distribution of angiotensin receptors and endogenous ligands in 

areas relevant to pain control 

Key components of the RAS have been described to be abundant in areas that are 

involved in pain transmission, including the dorsal horn of the spinal cord [96–101], DRG 

and identical structures such as the spinal trigeminal tract and trigeminal ganglion (TG) 

[67,68,83,101–114] or peripheral nerves. In this regard, we have recently reviewed data 

that provide a detailed description of the neuroanatomical distribution of these structures 

[76], which are also summarised in Table 1. In this section, only the most important 

aspects and controversies in the literature are discussed. 

Several studies have reported on the presence of AngII in rat and human DRG and 

TG neurons, satellite cells and T cells [67,99,103,110,115]. Results from some of these 

studies have shown that in the DRG, AngII was found to colocalise with SP, a peptidergic 

neuronal marker and regulator of pain transmission [110,115]. In the spinal cord, the 

highest levels of AngII were found in the superficial dorsal horn, further suggesting an 

involvement in sensory functions [98,116]. It is noteworthy that AngII levels were found 

to be elevated in various models of NP (Table 1) [98,106,116]. 

The neuroanatomical localisation of the AT1 receptor has been well established 

by numerous studies. Similarly to AngII, it is abundant in areas of importance in pain 

transmission, such as the sciatic nerve [81,111], DRG [101,102,108,110,111,117,118] 

and spinal cord [83,97,102,119] alongside of certain supraspinal regions including the 

spinal trigeminal tract [120], the raphe nuclei [120], the amygdala and the cingulate cortex 

[121]. 

Unlike the AT1 receptor, the exact neuroanatomical distribution of the AT2 is a 

matter of debate. In addition, the controversial results are most likely exacerbated by the 

fact that commercially available AT2 antibodies have insufficient specificity according 
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to a recent study [122]. Shepherd and colleagues claim that the AT2 receptor is not 

expressed on sensory neurons, based on their negative results in finding AT2 mRNA or 

protein in DRG of mice or humans [99,123]. On the other hand, others have found the 

AT2 protein [101,106,107,117,124] or mRNA [110,111] in the DRG and sciatic nerve of 

rats. Recent reviews by Danigo et al. [74] or our research group [76] have speculated that 

this discrepancy may be due to species differences (Sepherd et al used mice, while other 

studies have mostly used rats) or a possible gene duplication of AT2 in mice, resulting in 

a lack of signal in the Agtr2GFP reporter mice used by Sepherd and colleagues. 

 

Table 1. Neuroanatomical distribution of key ligands and receptors in the renin-

angiotensin system with importance in sensory functions. Abbreviations: p: 

peptide/protein; r: mRNA; IHC: immunohistochemistry; autorad: autoradiography; PCR: 

polymerase chain reaction; ISH: in situ hybridization; RIA: radioimmunoassay; RB: 

radio-ligand binding; WB: western blot; DM: diabetes mellitus; DH: dorsal horn; VH: 

ventral horn; SP: substance P; CGRP: calcitonin gene-related peptide; NF200: 

neurofilament protein 200; TRPV1: transient receptor potential cation channel subfamily 

V member 1; IB4: isolectin B4; NK1: neurokinin 1; NMDA: N-methyl D-aspartate. 

Hyphen indicates no assessment by the indicated studies. 

Ligand/receptor Species 

mRNA 

/peptide

/protein 

Method Details 
Changes in 

neuropathy 
References 

Peripheral nerves 

Angiotensinogen rat p IHC present no data [83] 

AT1 receptor 
rat p autorad present no data [81] 

rat r PCR present increased [125] 

AT2 receptor 

rat p autorad not present no data [81] 

rat r PCR present increased [125] 

Agtr2GFP reporter 

mouse 
p 

reporter 

mouse 

present in a subset of myelinated NF200+ 

fibres 

increased 

(macrophage 

infiltration) 

[99] 

Dorsal root ganglia 

Angiotensinogen 

rat p IHC present no data [83] 

rat r and p 
PCR 

and IHC 
present no data [109] 

rat r 
PCR 

and ISH 
present on all cells no data [110] 

Angiotensin I human p RIA present no data [110] 

Angiotensin II 

rat and human p 
IHC and 

RIA 
colocalised with SP and CGRP no data [110] 

rat p IHC colocalised with neuronal markers no data [104] 

rat p 
IHC and 

WB 
colocalised with SP and NF200 increased [103] 

human p IHC 
colocalised with TRPV1 on small and 

medium neurons 
no data [67] 

rat p IHC on neurons, satellite cells and T cells increased [106] 

Angiotensin (1-7) human p IHC not present no data [67] 

AT1 receptor 

rat r PCR present no change [125]  

rat r PCR present no data [110] 

rat p IHC Schwann cells, satellite cells and neurons decreased (DM) [111] 
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Ligand/receptor Species 

mRNA 

/peptide

/protein 

Method Details 
Changes in 

neuropathy 
References 

rat (isolated 

neurons) 
r and p 

PCR, 

WB and 

RB 

present no data [102] 

rat p IHC present on small and large neurons increased [117] 

rat p IHC present on neurons and satellite cells no data [108] 

rat p IHC present on all neurons, higher exp. on small no data [101] 

AT2 receptor 

rat r PCR present increased [125] 

rat r and p 
PCR 

and IHC 
present no data [109] 

rat r PCR present no data [110] 

rat p IHC Schwann cells, satellite cells and neurons increased (DM) [111] 

rat (cell culture) p WB present increased (DM) [113] 

rat p IHC colocalised with neural markers no data [103] 

rat (neonatal) r and p 

PCR, 

WB and 

IHC 

present on IB4+ neurons no data [107] 

rat p IHC 
present on neurons, satellite cells and T-

cells 
no change [106] 

rat p IHC 

present on all neurons, mostly non-

peptidergic C and Aδ, high colocalisation 

with AT1 

no data [101] 

AgtrGFP reporter 

mouse and human 
r and p 

PCR 

and 

reporter 

mouse 

not present no data [123] 

AgtrGFP reporter 

mouse 
p 

reporter 

mouse 
not present no change [99] 

Spinal cord 

Angiotensin II mouse p IHC 
present ubiquitously, highest in laminae I 

and II 
increased [98] 

AT1 receptor 
rat p 

IHC, 

autorad 

and ISH 

present in the superficial DH and on 

cholinergic neurons in the VH 
no data [96] 

mouse p IHC present in the superficial DH no data [97] 

AT2 receptor 

rat p IHC 
present in laminae I and II and colocalised 

with IB4 and SP in 
no data [101] 

AgtrGFP reporter 

mouse 
p 

reporter 

mouse 

present in the deep DH and VH and 

colocalised with neuronal markers 
no change [99] 

 

1.2.3. Mimetics and antagonists of RAS in relation to pain 

The impact of ligands that affect the RAS in pain has yet to be fully elucidated, 

and controversial views pervade the literature on this topic. Several detailed reviews have 

recently shed light on this system in relation to pain control [60,76,126], so in this chapter 

we will only focus on the most important elements. 

Following the discovery of the central RAS, a number of studies reported on the 

analgesic effect of ligands activating the angiotensin receptors, such as AngII, AngIII, or 

renin, after central administration in acute pain tests [75,78,127–129]. Notably, these 

reports offer different possible mechanisms underlying the described effects and all 
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administered the test compounds directly into the CNS, either intracerebroventricularly 

(icv.) or intrathecally (ith.). To the best of our knowledge there is only one publication in 

the literature that has described AngII as having neither pro- nor antinociceptive effects 

[130]. On the other hand, pronociceptive effect of angiotensin mimetics [98,119,123,131] 

and antinociception produced by AT1 [64,69,70,82,97,98,108,119,132] or AT2 

antagonists [66,67,73,83,99,103,104,106,123] has since been described by a large 

number of studies conducted on different preclinical pain models and (in case of AT2 

antagonist EMA401) in clinical trials as well. Many reports on the beneficial effects of 

AT1 receptor blockade in NP attribute the analgesic effect to the attenuation of the 

inflammatory response in the DRG [108,132] or sciatic nerve [69,82] following nerve 

injury. 

1.2.4. Interplay between the central RAS and opioid system in relation to analgesia 

The interaction between the RAS and the opioid system was first supported by the 

study of Haulica and colleagues when they showed that naloxone, an opioid receptor 

antagonist could block analgesia induced by icv. administered AngII. In this work, the 

authors speculated that angiotensinergic analgesia is dependent on the endogenous opioid 

system [133]. They also reported that stress analgesia is sensitive to both naloxone and 

saralasin, a non-selective angiotensin receptor antagonist/partial agonist [134]. These 

observations suggest a negative interaction between opioid agonists and angiotensinergic 

antagonists, which contradicts more recent findings. A bidirectional interaction between 

the RAS and opioid system is supported by the ability of icv. administered AngII [129], 

or AT2 receptor activation [131] to reverse morphine antinociception. Recent data of 

clinical relevance have shown that ACE-inhibition by captopril results in enhanced 

morphine analgesia and reduced analgesic tolerance development [72]. In our recent 

review, we have raised that AT2 antagonism could improve opioid efficacy in NP. This 

hypothesis was based on a publication by Khan et al. describing the ability of AT2 

antagonist EMA300 not only to attenuate allodynia in a rodent model of NP but also to 

restore reduced NGF levels in rat DRGs induced by neuropathy [106]. Previously studies 

by our group and others have related the reduced levels of NGF in the DRG of neuropathic 

animals with a reduction in MOR number and the efficacy of opioid analgesia 
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[35,135,136]. Furthermore, exogenous NGF administration has been shown to enhance 

opioid analgesia by increasing the functional MOR reserve [35,137]. 

Possible links between the opioid system and the RAS concerning analgesia are 

summarized in table 2. 

Table 2. Results of publications suggesting an interaction between the RAS and opioid 

systems in analgesia. As mentioned above, there is conflicting literature data and a 

notable controversy between former (i.e. pre-2000) and later (post-2000) studies. 

Abbreviations: BV2: ELISA: enzyme-linked immunosorbent assay; CCI: chronic 

constriction injury; WB: western blot 
RAS 

ligand/receptor 
Method Outcome Date Reference 

Angiotensin II 

rat tail-flick test 
AngII mediated analgesia is reversible 

by naloxone. 
1983. [133] 

rat tail-flick test 
AngII is able to attenuate morphine 

analgesia. 
2000. [129] 

Angiotensin 

converting enzyme 

rat tail-flick test 
ACE-inhibition cannot influence 

morphine analgesia. 
1984. [138] 

rat tail-flick and hot 

plate test 

ACE-inhibition enhances morphine 

analgesia and decreases the development 

of opioid analgesic tolerance. 

2021. [72] 

ELISA 

ACE-inhibiton decreases inflammatory 

cytokine levels in the DRG of morphine 

tolerant animals. 

2021. [72] 

AT1 receptor BV2 microglia culture 

AT1 blockade (candesartan) reduces 

inflammatory mediator production 

induced by morphine treatment. 

2022. [139] 

AT2 receptor 

mouse tail-pinch test 
AT2 activation decreases morphine 

analgesia 
2009. [131] 

rat tail-flick test Saralasin decreases stress analgesia. 1986. [134] 

rat CCI, 

immunofluorescence, 

WB 

AT2 antagonism restores reduced NGF 

levels in the DRG of neuropathic 

animals. 

2017. [106] 

Exogenous NGF administration 

enhances opioid analgesia by restoring 

decreased MOR reserve in the DRG in 

neuropathy. 

2013. [35] 

 

1.3. Opioids and analgesia 

At present, opioids are the cornerstone of pain management in clinical practice. 

Poppy alkaloids have been employed for their pain-relieving properties since the antiquity 

[140] as discussed earlier. The study of these naturally occurring compounds led to the 

development of novel semi-synthetic and synthetic opioids, with the intent of improving 

their potency, efficacy, side effect profile, or pharmacokinetic properties. 
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The µ-opioid receptor (MOR), δ-opioid receptor (DOR) and κ-opioid receptor 

(KOR) are the targets of endogenous opioid peptides and exogenous opioid compounds 

used for analgesic purposes [141]. Most opioid analgesics primarily act by binding to 

MORs, which are abundantly expressed at regions of utmost importance in pain 

transmission such as the DRG, dorsal horn of the spinal cord, brainstem, and several other 

supraspinal centres. Activation of these receptors reduces neuronal excitability and thus 

modulates the transmission of pain signals. The complex pain modulating effect of 

opioids occurs at multiple levels, not only limited to dampening the input of pain signals 

to the CNS, but also altering the emotional response to pain. 

In modern medicine opioids have an indispensable role in acute perioperative pain 

management, management of pain in critical illness, and treatment of chronic pain 

conditions, including cancer-related pain and non-malignant pain syndromes, among 

others. It is important to note that opioids may induce a range of adverse effects, including 

respiratory depression, sedation, constipation, tolerance, physical dependence, and the 

potential for abuse. Institutional misuse of opioids can lead to a significant public health 

crisis as seen with the “opioid epidemic” in the US. This highlights the need of opioid 

dose sparing pain management approaches that may replace or complement the strategies 

used today. 

1.3.1. Neuroanatomical distribution of µ-opioid receptors 

The neuroanatomical distribution of MORs has been described in great detail, 

utilising several experimental techniques. As mentioned above, these structures play a 

pivotal role in the descending pain modulatory pathway. Accordingly, they were found 

in the periaqueductal grey matter (PAG), locus coeruleus (LC) and rostral ventromedial 

medulla [142–146]. They can also be found in the hippocampus, nucleus accumbens 

(NAc), ventral tegmental area (VTA), amygdala, striatum, thalamus and cerebral cortex, 

suggesting a role in integrative sensory function and reward. [142–145]. The abundance 

of these receptors in the dorsal horn of the spinal cord and the DRG underscores their 

importance in pain processing at the spinal level [146–149]. 
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1.3.2. Opioid analgesic tolerance 

The initial analgesic response to opioids diminishes over repeated administration, 

necessitating higher doses to achieve the same level of pain relief. This phenomenon is 

called analgesic tolerance. Opioid analgesic tolerance poses a significant clinical 

challenge as reduced analgesic efficacy and dose-escalation may lead to significant 

unwanted effects and opioid addiction. Better understanding of the underlying 

mechanisms of opioid analgesic tolerance may facilitate the development of alternative 

approaches that minimise the need for dose escalation and its associated risks. Recently, 

pain research has made significant strides in elucidating the background of opioid 

analgesic tolerance, however many aspects remain incompletely understood. 

Following activation of GPCRs, such as the MOR by an agonist, the magnitude 

of intracellular signalling is determined by the pharmacodynamic properties of the ligand 

as well as the duration of time the ligand-receptor pair is bound to each other. The latter 

is largely governed by the ligand’s pharmacokinetic properties and desensitisation and 

endocytosis of the receptor that occurs after activation. The ability of a ligand to induce 

desensitisation and endocytosis does not necessarily correlate with its biological activity, 

thus they can both be viewed as independent factors of the net signalled effect. 

Phosphorylation of the C-terminal of MORs induced by longer exposure of opioids 

manifests in the inability to couple with Gi or Go [150–153]. This phenomenon is called 

“ligand induced desensitisation” and it can be carried out by a number of kinases on a 

molecular level. These include G-protein coupled receptor kinases (GRKs), protein 

kinase C (PKC) or PKA, among others. Importantly, different agonists of the receptor 

induce site-specific phosphorylation as shown by Doll et al. [154,155] which results in 

vastly different implications on the activity of the receptor. In general, phosphorylation 

by GRKs induce beta-arrestin recruitment, causing receptor uncoupling from G proteins 

[156], scaffolding of other, non-G proteins resulting in the activation various new signal 

transduction pathways and facilitating receptor endocytosis and either lysosomal 

degradation or resensitisation through recycling of the receptor to the membrane 

[157,158]. This process has been mainly described in the context of stimulating the MORs 

with [D-Ala2,N-MePhe4,Gly-ol]-enkephalin (DAMGO), a selective peptide agonist. On 

the other hand, when applying continuous treatment with morphine, phosphorylation 

primarily occurs by PKC [159–161] which leads to more potent desensitiation and 
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prevention of endocytosis [158]. The fact, that morphine largely lacks the ability to induce 

internalisation of MORs following PKC-phosphorylation led to the assumption that there 

is an inverse relationship between receptor endocytosis and the development of tolerance 

[162]. Indeed, pro-endocytotic efforts, such as overactivation of GRKs or using animals 

with a mutant MOR that undergoes morphine-induced internalisation have been shown 

to reduce morphine-induced tolerance [163,164]. 

As the intracellular signal transduction pathways of G-protein coupled opioid 

receptors have become better understood, a new direction in opioid research has emerged, 

namely the development of so-called biased opioid agonist compounds. The idea behind 

these agents was that by creating a conformational change in which the receptor 

establishes a G-protein coupled signalling pathway but not beta-arrestin recruitment, an 

analgesic effect could be achieved, by mitigating some known opioid side effects (such 

as respiratory depression or emerging tolerance). However, more recent data on these 

compounds is causing considerable controversy, as several “biased” drugs have been 

described as non-biased partial agonists with low intrinsic efficacy [165,166]. 

To avoid the development of opioid analgesic tolerance, the contribution of other 

CNS pathways has attracted the attention of researchers. In this regard, several studies 

have shown that NMDA receptor activation plays a prominent role in the development of 

opioid tolerance [167]. This was first demonstrated by the ability of NMDA antagonists 

to attenuate analgesic tolerance to opioids [168–171]. According to recent findings, 

NMDA upregulation in opioid analgesic tolerance is most likely induced by the release 

of brain derived neurotrophic factor (BDNF) following microglial activation [172]. 

Indeed, morphine treatment has been shown to induce microglial activation at a spinal 

level [173,174] accompanied by an increase in pro-inflammatory gene expression and 

inflammatory mediator release [173,175–177] which contributes to opioid analgesic 

tolerance and opioid induced hyperalgesia (OIH) [177]. 

1.3.3. The role of microglial activation in opioid tolerance and neuropathic pain 

Activated microglia play a key role in the sensitisation of nociceptors in several 

pathological conditions affecting spinal sensory circuits (Figure 1) [172,178–186]. This 

process can be facilitated by endogenous or exogenous factors, such as release of the 

chemokine fractalkine (CX3CL-1) [179,182,184] or SP [183] from neurons or ongoing 
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treatment with opioids [172,181,185], respectively. Inflammatory mediators and 

neurotrophic factors released by the activated microglia contribute to sensitisation via 

inducing upregulation of NMDA receptors [172], downregulation of potassium chloride 

co-transporter KCC2, thereby attenuating inhibitory transmission [180,186], or 

upregulation of glial bradykinin B1 receptors (B1R) [187–189], among others [190]. 

These mechanistic observations may also provide an exploitable pharmacological target 

for attenuating spinal nociceptive sensitisation. Inhibition of microglial activation by 

trifluoro-icaritin [186], peroxisome proliferator-activated receptor gamma (PPARγ) 

agonists, such as pioglitazone [191,192], AT1 receptor blocker candesartan [139] or 

microglial inhibitor minocycline [193,194] have been proven to be beneficial in NP or 

opioid tolerance or both (Figure 1). 

 

Figure 1. Microglia in the spinal cord can be activated by treatment with opioids such 

as morphine, or certain chemokines such as fractalkine (CX3CL-1). The former has 

implications in opioid analgesic tolerance, while the latter may play an important role in 

the development of certain chronic pain states, including neuropathic pain [182]. This 

figure was created with BioRender.com. 
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2. OBJECTIVES 

Current approaches to the treatment of NP are inadequate and associated with side 

effects in nearly 70% of patients. MOR agonists are essential analgesics for acute and 

chronic pain, however, their efficacy is compromised under certain conditions, like NP 

or analgesic tolerance induced by repeated administration. 

The present Ph.D. work aimed to investigate: 

1. the potential effect of AT1 receptor antagonists, losartan or telmisartan, in 

reducing allodynia in an acute treatment setting. Parallel with this to evaluate 

the acute antinociceptive/antiallodynic properties of morphine (for dose 

determination) as well as opioid analgesic tolerance. 

2. to evaluate the combination of AT1 receptor antagonists and morphine in a 

hope to find multitargeted therapeutic approach for NP. 

3. to assess whether co-treatment with AT1 receptor antagonists influences 

morphine analgesic tolerance. 

4. to assess the side effect profile of test compounds regarding motor function in 

doses achieving promising results in vivo. 

In order to understand more about the molecular and pharmacological mechanisms of this 

interaction, we have carried out the following studies: 

5. measure the influence of telmisartan on changes observed in morphine-

stimulated [35S]GTPγS binding in the spinal cord of rats with neuropathic pain 

after repeated morphine administration.  

6. identifying the potential off-target effect of activating PPARγ for tested AT1 

receptor antagonist compounds in the opioid tolerance model. 

7. assessment of the degree of microglial infiltration in the spinal cords of 

chronically treated, opioid tolerant animals and check the effect of AT1 

receptor antagonists. 

8. mapping spinal neuroanatomical localisation of the target receptors (AT1 and 

MOR) utilizing RNA Scope® In-Situ RNA Hybridisation 

9. measure the influence of AT1 receptor antagonists alone or in combination 

with morphine on CSF L-glutamate and D-serine content in neuropathic and 

opioid tolerant rats. 
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3. METHODS 

3.1. Experimental animals 

Experimental protocols were performed on male Wistar rats purchased from Toxi-

Coop Zrt. (Budapest, Hungary). A total of 123 animals were used for the NP model and 

83 animals for the morphine analgesic tolerance model. In addition, 23 animals underwent 

motor coordination testing. Furthermore, a total of 16 animals were used to obtain 

histological samples for RNA Scope® in situ RNA hybridisation experiments. In total, 

data from 245 rats were used for this work. The weights of the animals were 120-150 g 

and 170-200 g at the start of the NP model and the morphine analgesic tolerance 

experiments, respectively. Animals weighing 170-200g at baseline were used for motor 

coordination testing and 200-240g for histological sampling for RNA Scope in-situ 

hybridisation. Weight differences were implemented to ensure that the CNS of all animals 

were fully evolved at the time of interest. Rats were housed in standard cages, with four 

to six animals per cage in the local animal house of Semmelweis University, Department 

of Pharmacology and Pharmacotherapy (Budapest, Hungary) and maintained under 

controlled environmental conditions (12:12 h light/dark cycle, light on at daytime, 20 ± 2 

°C temperature). Water and standard rodent chow were available ad libitum. Prior to 

experiments, animals were allowed to acclimatise in the animal house for at least one 

week. Animal housing and all experiments were performed in accordance with the 

European Union directive on the protection of animals used for scientific purposes 

(2010/63/EU), the Hungarian act on the protection and welfare of animals (No. XXVIII 

of 1998. 32.§) and the local animal care committee (PEI/001/276-4/2013 and PE/EA/619-

8/2018). The researchers made every effort to minimise the pain and suffering of the 

animals and the number of animals used. 

3.2. Materials 

Telmisartan and losartan-potassium were obtained from TCI EUROPE N.V. 

(Zwijndrecht, Belgium), morphine-HCl and pentobarbital was obtained from the 
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Semmelweis University Pharmacy (Budapest, Hungary), and PPARγ antagonist GW9662 

was purchased from MedChemExpress (Monmouth Junction, NJ, USA). Diethyl-ether, 

dimethyl sulfoxide (DMSO) and hydroxyethyl-cellulose was purchased from Merck - 

Sigma-Aldrich (Darmstadt, Germany). Oral administration of AT1 blockers (telmisartan 

and losartan) was carried out using stainless steel oral feeding needles (purchased from 

Animalab Hungary Kft., Vác, Hungary) in a total volume of 5 mL·kg−1 bodyweight (BW). 

Telmisartan was suspended in 1% hydroxyethyl-cellulose solution (HEC), while losartan-

potassium was dissolved in 0.9% saline. Morphine was administered subcutaneously 

(sc.), in a total volume of 2.5 mL·kg−1 BW. GW9662 was dissolved in 20% DMSO 

solution and administered intraperitoneally (ip.) in a total volume of 2.5 mL·kg−1 BW. 

Pentobarbital was dissolved in 0.9% saline before being administered ip. in a total volume 

of 2.5 mL·kg−1 BW. 

For (35S)GTPγS binding assay DMSO, Tris-HCl, ethylene glycol-bis(β-

aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA), NaCl, MgCl2 × 6H2O, GDP and 

the GTP analog GTPγS were purchased from Merck - Sigma-Aldrich (Darmstadt, 

Germany). The radiolabeled GTP analog, [35S]GTPγS (specific activity: 1250 Ci/mmol, 

Cat.No.: NEG030H250UC) and the UltimaGoldTM MV aqueous scintillation cocktail 

was purchased from PerkinElmer (handled by Per-Form Hungaria Kft., Budapest, 

Hungary). 

For the analysis of CSF neurotransmitter levels by capillary electrophoresis, 

acetonitrile, boric acid, L-cysteic acid and 4-(2-hydroxyethyl)-1-piperazine 

ethanesulfonic acid (HEPES) were purchased from Merck - Sigma Aldrich (Darmstadt, 

Germany). 7-fluoro-4-nitro-2,1,3-benzoxadiazole (NBD-F) was purchased from TCI 

EUROPE N.V. (Zwijndrecht, Belgium) and hydroxypropoyl-amino-β-cyclodextrin was 

purchased from Cyclolab Ltd (Budapest, Hungary). 

All compounds were stored and handled as described in the product information 

sheets. 
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3.3. Experimental protocols 

3.3.1. Mononeuropathic pain model 

Figure 2 shows a schematic summary of the applied NP model study design. Here 

we have utilised a method that evokes neuropathic pain by inflicting damage to a single 

nerve (hence “mononeuropathy”). In the days prior to the start of the experiments, the 

animals were handled to acclimatise them to the experimental conditions. This consisted 

of placing the animals in the plastic cages of the experimental apparatus once daily. The 

development of mechanical allodynia as a symptom of neuropathy was assessed using a 

dynamic plantar aesthesiometer (DPA 37450, Ugo Basile, Italy) as described before 

[32,195] with the following settings: incrementation: 10 g/s, maximal force: 50 g. The 

paw withdrawal thresholds (PWTs) of animals were measured in grams after at least five 

minutes of habituation in the cage for each animal. Each paw was measured three times, 

and the mean of the three measurements was used for further analysis. All behavioural 

studies were performed by the same experimenter. 

First, baseline measurements were performed with DPA to determine the pre-

operative PWT. Animals were then subjected to partial sciatic nerve ligation (pSNL) 

using the method described by Seltzer and colleagues and in our previous studies. [195–

197]. In brief, the animals were anaesthetised with pentobarbital (60 mg·kg−1 BW) and 

placed on heating units to maintain a body temperature of 37 °C. The right sciatic nerve 

was exposed at thigh level without muscle damage under aseptic conditions. A size 7-0 

silicone-treated silk suture was used to ligate the dorsal half of the nerve tightly. The 

wound was closed with two sutures. A sham operation, in which the nerve was exposed 

without subsequent ligation, was performed in a separate group of animals used later as 

controls. 

PWTs were measured on both (operated and unoperated) hind paws of the animals 

two weeks after surgery. Animals were considered neuropathic if there was a 20% or 

greater decrease in the average PWT of the operated paw compared to the unoperated 

one, calculated using the following formula: 

(𝑃𝑊𝑇𝑢𝑛𝑜𝑝𝑒𝑟𝑎𝑡𝑒𝑑 𝑝𝑎𝑤 − 𝑃𝑊𝑇𝑜𝑝𝑒𝑟𝑎𝑡𝑒𝑑 𝑝𝑎𝑤)

𝑃𝑊𝑇𝑢𝑛𝑜𝑝𝑒𝑟𝑎𝑡𝑒𝑑 𝑝𝑎𝑤
 × 100 

1. Formula to calculate the difference in PWT between operated and unoperated paws. 
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Randomisation was then used to assign animals to the control and treatment 

groups. Following randomisation, minor adjustments were made where necessary to 

ensure that the mean baseline PWT values for each group were close to the same. This 

was carried out to ensure that any subsequent effects of the test compounds were equally 

well detected. Following administration of the test compounds or vehicles, the PWTs of 

the animals were determined again at 60 and 120 min, as shown in Figure 2. A group of 

animals was used to determine the acute antiallodynic effect of different doses of 

telmisartan (20, 40 and 80 µmol·kg−1 BW, po.), losartan (50, 100 and 150 µmol·kg−1 BW, 

po.) and morphine (10 and 20 µmol·kg−1 BW, sc.). In experiments aimed to evaluate the 

effect of angiotensin receptor type 1 blockers (ARBs) and morphine in combination, the 

compounds were administered in a time-shifted manner (ARBs at 0 min and morphine at 

30 or 90 min). This was done so that the peak effect of the combination elements always 

coincided in time. The time intervals were chosen based on the data obtained in the first 

part of the study, namely the acute experiments with different doses of the two ARBs. On 

the basis of our previous studies, the peak effect of morphine was expected to occur at 30 

min after sc. administration [32,198]. 

A further group of animals received a combination of morphine and an ARB at 

doses subanalgesic in acute trials (20, 50 and 10 µmol·kg−1 BW for telmisartan, losartan 

and morphine, respectively) on the 14th days after Seltzer surgery and for 10 subsequent 

days. In this group, sc. morphine was administered twice a day, while ARBs were 

administered po. once a day for 10 days in total. On day 24 after Seltzer surgery, another 

set of DPA measurements was performed in chronically treated animals. The animals 

were then sacrificed by overdose of diethyl-ether, after which spinal cord tissue and 

cerebrospinal fluid samples were collected for further in vitro analyses (see chapters 3.3.3. 

and 3.3.4.).  
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Figure 2. Schematic representation of the study design applied in the mononeuropathic 

pain model. The figure indicates the timeline of the acute and chronic experiments, 

involving DPA measurements, pSNL, treatment days and termination. Abbreviation 

“b.l.” stands for baseline. 



29 

 

3.3.2. Morphine analgesic tolerance model 

Figure 3. shows a schematic summary of the applied morphine analgesic tolerance 

model study design. To monitor the antinociceptive effect of morphine, acute thermal 

pain sensation was assessed using radiant heat tail-flick test (IITC Life Science, 

Woodland Hills, CA, USA) as previously described [199]. Prior to the experiments, a 

handling procedure was carried out to acclimatise the animals to the experimental 

conditions. This consisted of placing the animals blindfolded in the tail-flick apparatus 

once daily. The light intensity was adjusted so that the control tail-flick latency was less 

than 4 s. The cut-off time was set at 8 s to avoid tissue damage. Tail-flick latency was 

measured before (baseline) and after test compound or vehicle administration at the 

depicted time points (see Figure 3). All behavioural studies were performed by the same 

tester. Following the randomisation of animals into groups, morphine tolerance was 

established by sc. injections of 10 mg·kg−1 (or 31.08 µmol·kg−1) BW morphine twice 

daily (8 a.m. and 8 p.m.) for 10 days. Control animals received saline injections (in a total 

volume of 2.5 mL·kg−1 BW) twice daily. 

3.3.2.1. Experiments with AT1 antagonists, telmisartan or losartan 

In addition to morphine or saline, animals were treated with telmisartan (20 

µmol·kg−1, po.), losartan (50 µmol·kg−1, po.) or their vehicles, 1% HEC (5 ml·kg−1, po.) 

or saline (5 ml·kg−1, po.), respectively, once daily (8 a.m.). Oral treatments were carried 

out using orogastric gavage. The degree of analgesic tolerance development was 

determined using the tail-flick test on days 4 and 10. Following this, animals were 

sacrificed by diethyl-ether overdose and CSF samples were obtained for further in vitro 

analyses (see chapter 3.3.4.). 

3.3.2.2. Experiments with PPARγ antagonist, GW9662 

In this set of experiments, animals received subcutaneous morphine or saline 

treatment as described in section 3.3.2., oral treatment with losartan, telmisartan or 

vehicles in a similar manner as described in section 3.3.2.1, and the selective PPARγ 

antagonist, GW9662 (2 mg·kg−1 or 7.22 µmol·kg−1 BW) or its vehicle, 20% DMSO (2.5 

mL·kg−1 BW) ip., once daily. Tolerance development against the analgesic effect of 

morphine was monitored with tail-flick tests on days 4 and 10. On day 10, animals were 
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deeply anaesthetised with pentobarbital (60 mg·kg−1, ip.), transcardially perfused with 

phosphate-buffered saline (PBS), pH 7.4 and spinal cord tissue samples were collected 

for further histological analysis (see chapter 3.3.7.). 
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Figure 3. Schematic representation of the study design applied in the morphine 

analgesic tolerance model. The figure indicates the timeline of the experiments, 

involving tail-flick measurements, treatment days and termination. Abbreviation “b.l.” 

stands for baseline. 
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3.3.3. Motor Function Testing 

The rotarod test (Rat RotaRod, model 7750, Ugo Basile, Italy) was used to assess 

the effect of telmisartan, morphine and their combination on the motor function of 

animals. On the day prior to the experiment, the animals were trained to remain on the 

rotating rod of the apparatus. Rotational speed was set at 16 RPM, and cut-off time was 

set at 180 s. On the day of the experiment, the animals were treated orally with the highest 

tested dose of telmisartan (80 µmol·kg−1), the subanalgesic dose of morphine used in the 

combination experiments (10 µmol·kg−1), their combination or their vehicles (1% HEC 

or saline, respectively). Animal motor coordination was tested at the time of peak 

compound effect. Compounds were administered in a time-shifted manner (ARBs at 0 

min and morphine at 90 min) to ensure that the peak effect of the combined elements 

coincided in time. Rotarod latency was recorded in seconds (fall-off time). As a positive 

control, a high dose of morphine (31.08 µmol·kg−1) was used. 

3.3.4. Morphine-stimulated [35S]GTPγS binding assay 

Animals with mononeuropathic pain that underwent chronic treatment were 

sacrificed, as described in section 3.3.1. Their spinal cords were quickly removed, the 

lumbar portion isolated, frozen in liquid nitrogen and stored at −80 °C until further 

processing. Tissue samples were prepared for the [35S]GTPγS binding experiments, as 

described previously [32,195]. In summary, the samples were homogenised in ice-cold 

TEM buffer containing 50 mM Tris-HCl, 1 mM EGTA, 3 mM MgCl2, and 100 mM 

NaCl, pH 7.4, using a teflon-glass homogeniser. The homogenate underwent 

centrifugation at 18,000 rotations per minute (RPM) for 20 min at 4 °C. The ensuing 

supernatant was discarded, and the pellet was incubated at 37 °C for 30 min in a shaking 

water bath. Centrifugation was then repeated under the same parameters as before. The 

final pellet was suspended in ice-cold TEM buffer and stored at −80 °C. The protein 

content of the membrane preparation was assessed using Bradford protein assay and 

bovine serum albumin (BSA) was employed as a standard. 

In the [35S]GTPγS binding experiments, the GDP → GTP exchange of the Gαi/o 

protein was measured in the presence of a given ligand at increasing concentrations. This 

was done to evaluate the potency and efficacy of the ligand on the tissue sample. A 

radioactive, non-hydrolysable GTP analogue, [35S]GTPγS was applied to monitor the 
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nucleotide exchange. Experiments were conducted following the previously established 

protocols [33,200], with technical modifications implemented when necessary. Briefly, 

the previously prepared membrane homogenates were incubated at 30 °C for 60 min in 

TEM buffer containing 20 MBq/0.05 ml [35S]GTPγS (0.05 nM) and 0.1–10,000 nM 

concentrations of morphine. The experiments were performed in the presence of excess 

GDP (30 µM). The final volume of the incubation mixture was 1 ml. Non-specific binding 

was determined in the presence of 10 µM unlabelled GTPγS. Total binding was measured 

in the absence of test compounds. The difference between total and non-specific binding 

represents basal activity. The reaction was terminated by rapid filtration under vacuum 

(Brandel M24R Cell Harvester, Gaithersburg, MD, USA) separating the bound and 

unbound [35S]GTPγS, and washed three times with 5 mL ice-cold 50 mM Tris-HCl (pH 

7.4) buffer through Whatman GF/B glass fibres. The radioactivity of the filters was 

detected in UltimaGoldTM MV aqueous scintillation cocktail with Packard Tricarb 

2300TR liquid scintillation counter (Per-Form Kft, Budapest, Hungary). [35S]GTPγS 

binding experiments were performed in triplicates and repeated at least three times. 

3.3.5. Immunohistochemistry 

Spinal cord tissue samples were obtained as described in section 3.3.2.2. and 

postfixed in neutral-buffered formalin for 24 hours, followed by cryoprotection in PBS at 

4°C overnight. The samples were then dehydrated and embedded in paraffin. 4 µm thick 

tissue sections were prepared (Leica HistoCore MULTICUT Semi-Automated Rotary 

Microtome, Leica Biosystems, Deer Park, IL, USA) and subjected to antigen retrieval 

(Antigen Unmasking Solution, citrate-based, pH = 6, Vector Laboratories, Newark, CA, 

USA, H-3300) for 30 min. Endogenous peroxidase activity was blocked with 3% 

hydrogen peroxide in PBS solution, followed by blocking with 2.5% goat serum in PBS 

and 2.5% milk powder. Primary IBA1 antibodies (019-19741, Anti Iba1, Rabbit (for 

Immunocytochemistry, FUJIFILM Wako Pure Chemical Corporation, Richmond, VA, 

USA) were diluted (1:200) in goat serum (2.5%) and were incubated overnight at 4°C. 

After washing with gentle shaking three times with PBS, the sections were incubated with 

anti-rabbit IgG secondary antibody (8114S, SignalStain® Boost IHC Detection Reagent 

(HRP, Rabbit, Cell Signaling Technology, Danvers, Massachusetts, USA) conjugated 

with horseradish peroxidase. Secondary antibodies were washed with gentle shaking 
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three times with PBS, and signals were developed with diaminobenzidine (SK-4103, 

ImmPACT DAB EqV Peroxidase [HRP] Substrate, Vector Laboratories, Burlingame, 

CA, USA). Staining was analysed and quantified by a blinded analyst using ImageJ “Fiji” 

Software [201]. 

3.3.6. RNA Scope® in-situ mRNA hybridisation 

Naïve Wistar rats weighing 200-240 g were sacrificed, and spinal cord, DRG and 

brain tissues were harvested after transcardial perfusion with PBS pH 7.4 and 20% 

formaldehyde solution. Tissue samples were fixed in neutral buffered formalin for 24 h, 

then dehydrated and embedded in paraffin. 4 µm thick sections were prepared (Leica 

HistoCore MULTICUT Semi-Automated Rotary Microtome, Leica Biosystems, Deer 

Park, IL, USA) and used for further analysis. 

RNA Scope® In-Situ Hybridisation assay was performed using RNA Scope® 

Multiplex Fluorescent Kit v2 according to the instructions of the manufacturer (Advanced 

Cell Diagnostics Pharma Assay Services, Newark, CA, United States). Briefly, the 

formalin-fixed paraffin-embedded tissue sections of 4 µm thickness were pre-treated with 

heat and protease prior to hybridisation with the following target oligo probes: Positive 

Control Probe-Rn-Polr2a-C2 (Cat. No.: 312481-C2), 3plex-Rn-Negative Control Probe 

(Cat. No.: 320871), Rn-Agtr1a-C2 (Cat. No.: 422661-C2), Rn-Agtr2-C2 (Cat. No.: 

422671-C2), Rn-Oprm1-C3 (Cat. No.: 410691-C3), Rn-CALCA-C1 (Cat No. 317511), 

Mm-Slc17a7-C1 (Cat. No.: 416631). The preamplifier, amplifier, and AMP-labelled 

oligo-probes were then hybridised in sequence, followed by the development of a 

chromogenic precipitate. A positive control probe specific for the housekeeping genes 

and a negative control probe were used to quality control each sample for RNA integrity. 

Pretreatment conditions were optimised for maximum signal-to-noise ratio. Punctate 

red/green/magenta dots were identified as the specific RNA staining signal. Cell nuclei 

were stained with 4’,6-diamidino-2-phenylindole (DAPI), which appears as a light purple 

colour. Imaging was performed with a Leica DMi8 confocal microscope (Leica 

Microsystems, Wetzlar, Germany). 
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3.3.7. Capillary electrophoresis analysis of neurotransmitter content 

L-glutamate and D-serine content of CSF samples was measured by the capillary 

electrophoresis laser-induced fluorescence method carried out as described previously 

[195,197,202] with some modifications. 

Animals in our mononeuropathic pain model or morphine analgesic tolerance 

model were sacrificed after 10 days of treatment, as described above. CSF samples were 

obtained by cisterna magna puncture and centrifuged at 2000 × g for 10 min at 4 °C. 

Specimens were frozen immediately and stored at −80°C until processed. On the day of 

the experiment, samples were deproteinised by mixing with 2 volumes of pure acetonitrile 

and centrifuged again at 20,000 × g for 10 min at 4 °C. Supernatants were subjected to 

derivatisation with NBD-F (1 mg/mL final concentration) in 20 mM borate buffer pH 8.5 

for 20 min at 65 °C. As internal standard, 1 µM L-cysteic acid was used. 

Derivatised samples were analysed using a P/ACE MDQ Plus capillary 

electrophoresis system coupled with a laser-induced fluorescence detector equipped with 

a laser source of excitation and emission wavelengths of 488 and 520 nm, respectively, 

(SCIEX, Framingham, MA, USA). Separations were carried out in polyacrylamide-

coated fused silica capillaries (i.d.: 75 µm, effective/total length: 50/60 cm) using 50 mM 

HEPES buffer pH 7.0 containing 6 mM hydroxypropyl amino-β-cyclodextrin at 15 °C by 

applying −28 kV constant voltage. 

 

3.4. Statistical Analysis 

All values are presented as mean ± standard error of means (S.E.M.). The 

statistical analysis was performed using GraphPad Prism software (version 8.0.1; 

GraphPad Software Inc., San Diego, CA, USA). p < 0.05 was considered statistically 

significant. Two-way ANOVA followed by Tukey’s post hoc test was used for multiple 

comparisons between related groups. One-way ANOVA followed by Fisher’s LSD post 

hoc test was used to compare independent groups. The post hoc tests were only conducted 

if F in ANOVA achieved p < 0.05. ROUT analysis was performed to identify outliers, 

with Q value = 0.5%. 
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4. RESULTS 

4.1. The impact of telmisartan, losartan or their combination with morphine 

in neuropathic pain evoked by sciatic nerve injury 

4.1.1. Oral telmisartan or losartan produces acute antiallodynic effect 

In animals showing mechanical allodynia two weeks after pSNL, interpreted as 

the hallmark symptom of NP, the acute antiallodynic effect of different doses of orally 

administered losartan and telmisartan was assessed by DPA (Figure 4). 

Losartan produced a moderate antiallodynic effect at doses of 100 or 150 

µmol·kg−1 BW, which peaked at 60 min following systemic administration. However, 

when compared to the vehicle-treated group, statistically significant analgesia was only 

achieved in the group receiving the 100 µmol·kg−1 BW dose (PWT: 28.19 ± 2.25, n = 9 

vs. 16.76 ± 1.80, n = 5; p = 0.013) (Figure 4, panel A). 

Compared to its vehicle, telmisartan produced a statistically significant increase 

in PWT at both higher test doses, namely 40 and 80 µmol·kg−1 BW (PWT: 28.47 ± 1.91, 

n = 9 vs. 16.35 ± 2.30, n = 6; p = 0.013 and 31.48 ± 2.83, n = 6 vs. 16.35 ± 2.30, n = 6; p 

= 0.014, respectively). Peak antiallodynic effect was achieved 2 hours after systemic 

administration (Figure 4, panel B). 

4.1.2. Morphine cannot increase PWT of neuropathic animals at low doses, but produces 

acute antinociceptive effect at higher doses 

Attenuation of mechanical allodynia by subcutaneously administered morphine 

alone was also assessed (Figure 4, panel C). The antiallodynic effect was tested at 30 min, 

which corresponds to the peak effect of morphine [32,198]. In this series of experiments, 

morphine failed to alleviate NP at a dose of 10 µmol·kg−1 BW, which was chosen as the 

subanalgesic dose for further experiments. At a dose of 20 µmol·kg−1 BW, morphine, 

compared to its vehicle, significantly increased the PWT of neuropathic animals (PWT: 

38.08 ± 3.45, n = 5 vs. 19.46 ± 1.99, n = 5; p < 0.0001), consistent with literature data, 

but also markedly increased the withdrawal threshold of the left (intact) paw to the level 

of cut-off (Figure 4, panel C).  
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Figure 4. The acute antiallodynic effect of po. losartan (panel A), po. telmisartan (panel 

B), and sc. morphine (panel C). Means of PWT ± S.E.M. are depicted in grams, 

obtained from the animals’ right (operated; R) hind paws on the 14th day after pSNL at 

the indicated time points. Data obtained from the intact (left) hind paws of the animals 

are excluded on panels A and B for better visual clarity (however, they are presented in 

Figure 20). Panel A: * p < 0.05 between losartan 100 µmol·kg−1 and vehicle, two-way 

ANOVA followed by Tukey’s post hoc test, n = 5–9 per group. F (time; 1.925, 51.98) = 

6.607, p = 0.0031. F (treatment group; 4, 27) = 19.44, p < 0.0001. Panel B: * p < 0.05 

between telmisartan 80 µmol·kg−1 and vehicle, δ p < 0.05 between telmisartan 40 

µmol·kg−1 and vehicle, two-way ANOVA followed by Tukey’s post hoc test, n = 5–11 

per group. F (time; 1.847, 51.72) = 7.903 p = 0.0013. F (treatment group; 4, 28) = 12.32 

p < 0.0001. Panel C: * p < 0.05 between morphine 20 µmol·kg−1 R and vehicle, two-

way ANOVA followed by Tukey’s post hoc test, n = 5–12 per group. F (time; 1, 38) = 

13.19, p = 0.0008. F (treatment group; 5, 38) = 38.06, p < 0.0001. Figures  [76,77] 
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4.1.3. Combination of telmisartan, but not losartan, with morphine at subanalgesic doses 

produces antiallodynia after chronic treatment 

In this series of experiments, doses found ineffective after acute administration 

were chosen to assess the effect of the combination of test compounds after acute and 

repeated administration. Thus, 10 µmol·kg−1 BW for sc. morphine, 50 µmol·kg−1 BW for 

po. losartan and 20µmol·kg−1 BW for po. telmisartan (Figure 5) was used. 

First, the combination of subanalgesic doses of losartan and morphine failed to 

alleviate NP either on the first day of treatment (acute effect) or after 10 days of chronic 

administration (Figure 5, panel A). On the other hand, the combination of telmisartan and 

morphine at subanalgesic doses already showed a trend, but not a significant effect, 

towards the alleviation of NP after acute administration. After 10 days of chronic 

treatment, this combination alleviated NP in the operated paws. At the peak of the effect 

of the compounds, a significantly higher PWT of the operated paws was observed in the 

combination group compared to the vehicle-treated group (PWT: 32.53 ± 3.71, n = 6 vs. 

15.46 ± 2.27, n = 4; p = 0.028) or the vehicle plus morphine-treated one (PWT: 32.53 ± 

3.71, n = 6 vs. 11.35 ± 2.63, n = 5; p = 0.008) (Figure 5, panel B). 
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Figure 5. The antiallodynic effect of po. losartan, sc. morphine and their combination, 

following acute and chronic treatment on the 14th and 24th day post-pSNL, respectively 

(A). The antiallodynic effect of po. telmisartan, sc. morphine and their combination, 

following acute and chronic treatment on the 14th and 24th day post-pSNL, respectively 

(B). Abbreviation “b.l.” stands for baseline. 

Panel A: Two-way ANOVA followed by Tukey’s post hoc test, n = 5–6 per group. 14th 

day: F (time; 1.817, 38.15) = 0.75 p = 0.47; F (treatment group; 4, 21) = 12.93, p < 

0.0001. 24th day: F (time; 1.57, 33) = 1.1, p = 0.33; F (treatment group; 4, 21) = 23.87, 

p < 0.0001. 

Panel B: * p < 0.05 versus vehicle, δ P < 0.05 vs. 1% HEC + morphine 10 µmol·kg−1 R, 

two-way ANOVA followed by Tukey’s post hoc test, n = 4–6 per group; 14th day: F 

(time; 1.711, 35.94) = 0.7 p = 0.48; F (treatment group; 4, 21) = 27.15, p < 0.0001; 24th 

day: F (time; 1.855, 38.96) = 4.24, p = 0.024; F (treatment group; 4, 21) = 27.06, p < 

0.0001. Results are presented as mean ± S.E.M. [77] 
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4.1.4. Influence of telmisartan on changes observed in morphine-stimulated [35S]GTPγS 

binding in the spinal cord of rats with neuropathic pain after repeated morphine 

administration 

Specific G-protein coupling of µ-opioid receptors was measured in the spinal cord 

of neuropathic animals with promising in vivo results, using a morphine-stimulated 

[35S]GTPγS binding assay. The obtained concentration-response curve and binding data 

are summarized in Figure 6 and Table 3, respectively. 

Morphine showed similar efficacy (Emax) for G-protein coupling in the spinal cord 

tissues of animals from either treatment group. On the other hand, the potency of 

morphine (EC50) with respect to [35S]GTPγS binding was significantly decreased in spinal 

tissue samples obtained from animals treated chronically with morphine (Figure 6, panel 

B). This reduction in the [35S]GTPγS specific binding potency of morphine can also be 

observed as a rightward shift of the morphine concentration-response curve in the 

indicated group (Figure 6, panel A). However, morphine retained its potency, and its EC50 

was not significantly different from that of control animals in the spinal cords of animals 

receiving the combination of subanalgesic doses of telmisartan and morphine. 
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Figure 6. Morphine stimulated G-protein activity in the spinal cords of neuropathic rats 

treated for 10 days with the indicated combinations (A). Calculated potency and 

efficacy of morphine on the spinal cords of neuropathic rats treated for 10 days with the 

indicated combinations (B). * p < 0.05 vs. all other groups, one-way ANOVA followed 

by Fisher’s LSD post hoc test, n = 5 per group. EC50: F (2, 12) = 4.017, p = 0.0462 Emax: 

F (2, 12) = 0.4538, p = 0.6457. EC50 and Emax values were calculated individually for 

each animal and means ± S.E.M. are presented here. [77] 

Table 3. Morphine-stimulated [35S]GTPγS binding data on spinal cords obtained from 

animals undergoing 10 days of chronic treatment. EC50 and Emax values were calculated 

individually for each animal sample and means ± S.E.M. are presented here. * p < 0.05 

vs. telmisartan + morphine; δ p < 0.05 vs. control, one-way ANOVA followed by 

Fisher’s LSD post hoc test, n = 5 per group. [77] 

Treatment Group (10 Days 

of Treatment) 

GTPγS Binding 

EC50 ± S.E.M. (nM) Emax ± S.E.M. (%) 

1% HEC + saline (n = 5) 217.2 ± 137.8 134.1 ± 6.8 

1% HEC + morphine (n = 5) 1864.0 ± 783.5 *δ 140.2 ± 3.4 

telmisartan + morphine (n = 5) 285.0 ± 125.1 136.5 ± 1.8 
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4.2. Impact of subanalgesic doses of losartan or telmisartan on the 

development of morphine analgesic tolerance and accompanying spinal 

microglial activation 

Next, the effect of AT1 blockers was evaluated in a setting of opioid analgesic 

tolerance produced by chronic treatment with high-dose morphine. Changes in the 

antinociceptive effect of morphine were monitored using the rat tail-flick test (acute 

thermal pain). 

4.2.1. Telmisartan delays the development of morphine analgesic tolerance in the rat tail-

flick assay 

Subcutaneous morphine (31.08 µmol·kg−1 BW) showed a significant 

antinociceptive effect indicated by increased latency in the tail-flick test in rats after acute 

administration (1st day). This effect peaked at 30 min after morphine administration and 

was maintained when combined either with telmisartan or its vehicle (Figure 7). In 

contrast, telmisartan (20 µmol·kg−1 BW) alone did not show antinociception. Animals in 

all studied treatment groups showed a similar response on the 4th day of chronic treatment 

as on the 1st (Figure 7). By the 10th day of treatment, the antinociceptive effect of 

morphine had disappeared and was not significantly different from the control at any time 

point, indicating the development of antinociceptive tolerance to morphine. However, 

when morphine was combined with oral telmisartan, a significant antinociception was 

maintained on days 4 and 10, peaking at 30 min and lasting up to 3 h (Figure 7). 

4.2.2. Losartan delays the development of morphine analgesic tolerance in the rat tail-

flick assay 

Similar to the experiments with telmisartan described above, the significant 

antinociceptive effect of sc. morphine (31.08 µmol·kg−1 BW) was seen on days 1 and 4 

and was maintained when combined with a dose of losartan that did not alter tail flick 

latency when administered alone (Figure 8). On day 10, morphine alone failed to 

significantly increase tail flick latency at any time point compared to its vehicle. In 

contrast, in animals receiving the combination of morphine and losartan a significant 
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antinociceptive effect of morphine was also observed on day 10, peaking at 30 min and 

lasting up to 2 h (Figure 8). 

4.2.3. PPARγ antagonist attenuates the effect of losartan or telmisartan on the 

development of morphine analgesic tolerance 

In order to determine the degree of the role of PPARγ activation as an off-target 

mechanism in the morphine analgesic tolerance delaying effect of telmisartan or losartan, 

the effective treatment groups were combined with a selective PPARγ antagonist 

(GW9662) or its vehicle (20% DMSO). In this series of experiments, morphine retained 

its antinociceptive effect in the tail-flick assay on days 1 and 4 but lost it by the 10th day 

when given alone or in combination with GW9662. When combined with subanalgesic 

doses of losartan, telmisartan or losartan + GW9662, significant antinociception was also 

observed on the 10th day. Interestingly, in the group receiving chronic treatment with 

telmisartan + GW9662 + morphine, on day 10 morphine was unable to significantly 

increase tail-flick latency compared to the control at any time point (Figure 9). On day 

10, the area under the curve (AUC) values of tail-flick latency-time curves were 

significantly higher solely in groups that received ARBs in combination with morphine 

and without PPARγ antagonist, as shown in Figure 10, compared to the control group. 

4.2.4. Morphine-induced spinal microglial infiltration is decreased by telmisartan or 

losartan through PPARγ 

Animals receiving chronic treatment as described in section 4.4.3. were sacrificed 

after 10 days and microglial infiltration in their spinal cords was analysed by 

immunohistochemistry. Chronic treatment with high-dose morphine, with or without 

PPARγ antagonism, induced microglial activation, seen as a significantly higher number 

of IBA1-positive cells/mm2. Co-administration of losartan or telmisartan led to a recovery 

of the quantity of IBA1-positive cells, indicated by their number not exhibiting significant 

differences from that of the vehicle (Figure 11). Co-treatment with GW9662 produced a 

moderate, not significant increase in the number of microglial cells for losartan and a 

significant increase for telmisartan (Figure 11). 
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Figure 7. The effect of morphine, telmisartan or their combination on the tail-flick 

latency of naïve rats (day 1) and after 4 or 10 days of chronic treatment. Telmisartan or 

its vehicle, 1% HEC was administered orally at 0 min, while morphine or saline was 

administered subcutaneously at 90 min to ensure that the peak effect of the two 

compounds coincided in time. Data are presented as mean ± S.E.M. 

Panel A: * p < 0.05 between telmisartan + morphine and 1% HEC + saline, # p < 0.05 

between 1% HEC + morphine and 1% HEC + saline, δ p < 0.05 between telmisartan + 

morphine and 1% HEC + morphine, two-way ANOVA followed by Tukey’s post hoc 

test, n = 6 per group. Day 1: F (time; 2.39, 47.79) = 30.56, p < 0.0001; F (treatment 

group; 3, 20) = 55.15, p < 0.0001. Day 4: F (time; 3.07, 61.34) = 34.88 p < 0.0001; F 

(treatment group; 3, 20) = 27.02, p < 0.0001. Day 10: F (time; 3.03, 60.63) = 9.79, p < 

0.0001; F (treatment group; 3, 20) = 22.45, p < 0.0001. 

Panel B: AUC values calculated individually for each animal of the elapsed time—tail-

flick latency curves. For each animal, the tail-flick latency value prior to treatment 

administration was used as the baseline for calculating AUC values. * p < 0.05 between 

indicated groups, one-way ANOVA followed by Tukey’s post hoc test, n = 5–6 per 

group; exact group sizes are shown in each graph. Day 1: F (3, 19) = 43.3, p < 0.0001. 

Day 4: F (3, 20) = 21.98, p < 0.0001. Day 10: F (3, 20) = 4.818, p = 0.011. ROUT 

analysis, with a Q value = 0.5% identified one outlier in the telmisartan + saline group 

on Day 1. [77] 
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Figure 8. The effect of morphine, losartan or their combination on the tail-flick latency 

of naïve rats (day 1) and after 4 or 10 days of chronic treatment. Losartan or its vehicle, 

saline was administered orally at 0 min, while morphine or saline was administered 

subcutaneously at 30 min to ensure that the peak effect of the two compounds coincided 

in time. Data are presented as mean ± S.E.M. 

Panel A: * p < 0.05 between losartan + morphine and saline + saline, # p < 0.05 between 

saline + morphine and saline + saline, δ p < 0.05 between losartan + morphine and 

saline + morphine, two-way ANOVA followed by Tukey’s post hoc test, n = 6 per 

group. Day 1: F (time; 2.208, 44.16) = 80.64, p < 0.0001; F (treatment group; 3, 20) = 

163.4, p < 0.0001. Day 4: F (time; 2.9, 58) = 38.09 p < 0.0001; F (treatment group; 3, 

20) = 29.98, p < 0.0001. Day 10: F (time; 4, 80) = 9.822, p < 0.0001; F (treatment 

group; 3, 20) = 5.079, p = 0.0089. 

Panel B: Area under the curve (AUC) values calculated individually for each animal of 

the elapsed time—tail-flick latency curves. For each animal, the tail-flick latency value 

prior to treatment administration was used as the baseline for calculating AUC values. * 

p < 0.05 between indicated groups, one-way ANOVA followed by Tukey’s post hoc 

test, n = 5–6 per group; exact group sizes are shown in each graph. Day 1: F (3, 20) = 

38.48, p < 0.0001. Day 4: F (3, 19) = 30.84, p < 0.0001. Day 10: F (3, 20) = 5.584, p = 

0.006. ROUT analysis, with a Q value = 0.5% identified one outlier in the losartan + 

saline group on Day 4. 
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Figure 9. The effect of morphine with or without GW9662 and losartan on the tail-flick 

latency of naïve rats (day 1) and after 4 or 10 days of chronic treatment (A). The effect 

of morphine with or without GW9662 and telmisartan on the tail-flick latency of naïve 

rats (day 1) and after 4 or 10 days of chronic treatment (B). Losartan, telmisartan or 

their vehicle was administered orally at 0 min, GW9662 or its vehicle was administered 

intraperitoneally at 0 min, while morphine or its vehicle was administered 

subcutaneously at 30 min (panel A) or 90 min (panel B) to ensure that the peak effect of 

the two compounds coincided in time. Data are presented as mean ± S.E.M. 

Panel A: * p < 0.05 between losartan + DMSO + morphine and control, # p < 0.05 

between losartan + GW9662 + morphine and control, $ p < 0.05 between saline + 

DMSO + morphine and control, δ p < 0.05 between saline + GW9662 + morphine and 

control, two-way ANOVA followed by Tukey’s post hoc test, n = 5 per group. Day 1: F 

(time; 1.831, 36.62) = 131.5, p < 0.0001; F (treatment group; 4, 20) = 42.99, p < 0.0001. 

Day 4: F (time; 2.738, 54.77) = 95.17 p < 0.0001; F (treatment group; 4, 20) = 26.17, p 

< 0.0001. Day 10: F (time; 3.112, 59.12) = 24.54, p < 0.0001; F (treatment group; 4, 19) 

= 8.976, p = 0.0003. 

Panel B: * p < 0.05 between telmisartan + DMSO + morphine and control, # p < 0.05 

between telmisartan + GW9662 + morphine and control, $ p < 0.05 between saline + 

DMSO + morphine and control, δ p < 0.05 between saline + GW9662 + morphine and 

control, two-way ANOVA followed by Tukey’s post hoc test, n = 5 per group. Day 1: F 

(time; 1.986, 39.71) = 173.6, p < 0.0001; F (treatment group; 4, 20) = 53.34, p < 0.0001. 

Day 4: F (time; 2.395, 47.89) = 134.5 p < 0.0001; F (treatment group; 4, 20) = 31.06, p 

< 0.0001. Day 10: F (time; 2.68, 53.61) = 23.36, p < 0.0001; F (treatment group; 4, 20) 

= 5.652, p = 0.0033. 
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Figure 10. Area under the curve values calculated from the tail-flick latency – time 

curves of morphine with or without GW9662, losartan or telmisartan on day 1, 4 and 10 

of chronic treatment. AUC values calculated individually for each animal from the 

elapsed time tail flick latency curves. For each animal, the tail-flick latency value prior 

to treatment administration was used as the baseline for calculating AUC values. Note 

that as some groups received treatment in a time-shifted manner (see above), time points 

were standardised across all groups prior to AUC calculation to ensure accurate 

comparison. Days 1 and 4: * p < 0.05 between vehicle and all other treatment groups. 

Day 10: * p < 0.05 between vehicle vs. losartan + morphine + DMSO and vehicle vs. 

telmisartan + morphine + DMSO, one-way ANOVA followed by Tukey’s post hoc test, 

n = 4-5 per group; exact group sizes are shown in each graph. Day 1: F (6, 28) = 13.71, 

p < 0.0001. Day 4: F (6, 28) = 10.98, p < 0.0001. Day 10: F (6, 27) = 3.785, p = 0.0073. 
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Figure 11. Representative brightfield microscopy images of IBA1 protein 

immunohistochemistry in histological spinal cord samples obtained from rats treated 

for 10 days with the indicated treatment groups (A). Images are showing the dorsal 

horns. Signals were developed with diaminobenzidine. Scale bar represents 50 µm. 

Number of IBA1 positive cells/mm2 detected in histological spinal cord samples 

obtained from rats treated for 10 days with the indicated treatment groups (B). * p < 

0.05 vs. vehicle, # p < 0.05 between indicated groups, one-way ANOVA followed by 

Tukey’s post hoc test, n = 4-5 per group; exact group sizes are shown in each graph. F 

(6, 27) = 10.06, p < 0.0001. 

4.3. Telmisartan and morphine combination is devoid of causing motor 

dysfunction in rats 

Telmisartan (80 µmol·kg−1 BW, po.), morphine (10 µmol·kg−1 BW, sc.), or their 

combination failed to exhibit motor dysfunction in rats (Figure 12). Morphine treatment 

(31.08 µmol·kg−1 BW, sc., as positive control) produced a significant disturbance in 

motor coordination, seen as shorter fall-off times (latency: 19.4 ± 5.67, n = 5 vs. 180 ± 

0.00, n = 4). 
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Figure 12. Effect of systemic (oral or subcutaneous) administration of analgesic doses 

of telmisartan and its combination with morphine on the motor function of naïve 

animals. Columns represent the time latency of animals in the RotaRod assay ± S.E.M. 

measured at peak effect of test compounds. Abbreviation “n.s.” stands for not 

significant. * p < 0.05 vs. all other groups, one-way ANOVA followed by Fisher’s LSD 

post hoc test, n = 4–5 per group; exact group sizes are shown in each graph. F (4, 18) = 

17.13, p < 0.0001. [77] 

4.4. OPRM1 mRNA Co-Localises with AGTR1A and AGTR2 mRNA at 

Key Points of Pain Transmission 

RNA Scope® In Situ Hybridization assay was performed on DRG samples 

obtained from naïve rats to simultaneously determine cell-specific localisation of the 

mRNA of MORs (OPRM1), AT1 receptors (AGTR1A) and AT2 receptors (AGTR2). 

4.4.1. Dorsal root ganglia 

All three target mRNAs were found in the rat DRG (Figure 13, Figure 14). Certain 

neurons showed high levels of co-localisation of OPRM1 with AGTR1A (Figure 13, 

panel A), while the co-localisation between OPRM1 and AGTR2 was less pronounced 

(Figure 13, panel B). To further characterise DRG neurons with high levels of 

OPRM1/AGTR1A co-localisation, the peptidergic neuronal marker CGRP (CALCA) and 

the non-peptidergic/large neuronal marker vesicular glutamate transporter 1 (VGLUT1) 

[203,204] was used. In this set of experiments, OPRM1/AGTR1A double-positive 

neurons were also largely positive for CALCA, while OPRM1/AGTR1A/VGLUT1 

triple-positive neurons were virtually absent (Figure 14). 



50 

 

4.4.2. Spinal cord dorsal horn 

Consistently with previous reports, AGTR1A and AGTR2 mRNAs were found 

ubiquitously in the rat spinal cord (see section 1.3.2.), while OPRM1 mRNA was 

primarily found in the superficial dorsal horn. Here, a moderate level of co-localisation 

of OPRM1 with both AGTR1A and AGTR2 was observed (Figure 15). 

4.4.3. Periaqueductal grey 

Similar to the DRG and spinal cord, target mRNAs were found in the 

periaqueductal grey matter of rats. Comparable to the DRGs, a higher level of co-

localisation between OPRM1 and AGTR1a and a moderate level of co-localisation 

between OPRM1 and AGTR2 were observed (Figure 16). 

 

Figure 13. Representative confocal microscopy images of RNA Scope®-AGTR1A-

OPRM1 (A) and AGTR2-OPRM1 (B) mRNA expression in histological samples of 

naïve rat DRGs. Nuclei were stained with DAPI (blue). Cyanine 3- (Cy3-) labelled 

tyramide (red) was used to visualise mRNA of AGTR1A or AGTR2 and fluorescein-

labelled tyramide (green) was used to visualize mRNA of OPRM1 Scale bar represents 

50 µm. 
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Figure 14. Representative confocal microscopy images of RNA Scope®-CALCA-

AGTR1A-OPRM1 (A) and VGLUT1-AGTR1A-OPRM1 (B) mRNA expression in 

histological samples of naïve rat DRGs. Nuclei were stained with DAPI (blue). Cyanine 

3- (Cy3-) labelled tyramide (red) was used to visualize mRNA of CALCA or VGLUT1, 

Cyanine 5- (Cy5-) labelled tyramide (magenta) was used to visualise AGTR1A and 

fluorescein-labelled tyramide (green) was used to visualise mRNA of OPRM1 Scale bar 

represents 50 µm. 
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Figure 15. Representative confocal microscopy images of RNA Scope® -AGTR1A-

OPRM1 (A) and AGTR2-OPRM1 (B) mRNA expression in histological samples of 

naïve rat spinal cords. Images are showing the superficial dorsal horn (Rexed laminae I-

III). Nuclei were stained with DAPI (blue). Cyanine 3- (Cy3-) labelled tyramide (red) 

was used to visualise mRNA of AGTR1A or AGTR2, and fluorescein-labelled tyramide 

(green) was used to visualise mRNA of OPRM1 Scale bar represents 25 µm. 
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Figure 16. Representative confocal microscopy images of RNA Scope® -AGTR1A-

OPRM1 (A) and AGTR2-OPRM1 (B) mRNA expression in histological samples of 

naïve rat brains. Images are showing the periaqueductal grey matter. Nuclei were 

stained with DAPI (blue). Cyanine 3- (Cy3-) labelled tyramide (red) was used to 

visualise mRNA of AGTR1A or AGTR2, and fluorescein-labelled tyramide (green) was 

used to visualise mRNA of OPRM1 Scale bar represents 25 µm. 

4.5. Impact of AT1 receptor antagonists alone or in combination with 

morphine on CSF L-glutamate and D-serine content in neuropathic and 

opioid tolerant rats 

Following both in vivo models described above, CSF samples collected from 

chronically treated animals were subjected to capillary electrophoresis in order to 

measure L-glutamate and D-serine content. 

In either mononeuropathic or morphine-tolerant animals, only the combination of 

telmisartan and morphine was able to induce a significant increase in CSF L-glutamate 

levels compared to vehicle (L-glutamate (µM): 15.84 ± 3.01, n = 6 vs. 9.68 ± 1.09, n = 4; 

p = 0.04 or 11.11 ± 2.96, n = 5 vs. 5.58 ± 0.63, n = 6; p = 0.033 in the mononeuropathic 

or morphine tolerance models, respectively). The combination of losartan and morphine 
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or individual components of either combination failed to do so in either model (Figure 

17). 

In mononeuropathic animals, the combination of telmisartan and morphine 

significantly reduced CSF D-serine content when compared to vehicle-treated 

neuropathic animals (D-serine (µM): 1.23 ± 0.09, n = 5 vs. 1.99 ± 0.49, n = 4; p = 0.026). 

Similarly, in the morphine tolerance model, animals receiving telmisartan + morphine 

exhibited significantly lower CSF D-serine levels than those receiving vehicle or 

morphine alone (D-serine (µM): 1.21 ± 0.13, n = 4 vs. 2.09 ± 0.13, n = 6; p = 0.005 or 

1.21 ± 0.13, n = 4 vs. 2.00 ± 0.21, n = 5; p = 0.013, respectively) (Figure 18, panel A). 

The combination of losartan with morphine had no significant effect on D-serine levels 

in the neuropathy model, while animals receiving this combination in the morphine 

tolerance model had similar D-serine levels to those receiving morphine alone (Figure 18, 

panel B).  
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Figure 17. L-glutamate content in the CSF of animals that underwent chronic 

treatment with orally administered telmisartan or 1% HEC plus subcutaneously 

administered morphine or saline (A) or orally administered losartan or saline plus 

subcutaneously administered morphine or saline (B) in the mononeuropathic pain 

model or the morphine analgesic tolerance model. Panel A; “Neuropathy model”: * p < 

0.05 vs. 1% HEC + saline, # p < 0.05 vs. telmisartan + saline, δ p < 0.05 vs. 1% HEC + 

morphine, $ p < 0.05 vs. sham, one-way ANOVA followed by Fisher’s LSD post hoc 

test, n = 4-6 per group; exact group sizes are shown in each graph. F (4, 21) = 4.238, p = 

0.0114. Panel A; “Morphine tolerance model”: * p < 0.05 vs. 1% HEC + saline, one-

way ANOVA followed by Fisher’s LSD post hoc test, n = 5-6 per group; exact group 

sizes are shown in each graph. F (3, 18) = 2.23, p = 0.1198. Panel B: one-way ANOVA 

followed by Fisher’s LSD post hoc test, n = 3-6 per group; exact group sizes are shown 

in each graph. [77] 
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Figure 18. D-serine content in the CSF of animals that underwent chronic 

treatment with orally administered telmisartan or 1% HEC plus subcutaneously 

administered morphine or saline (A) or orally administered losartan or saline plus 

subcutaneously administered morphine or saline (B) in the mononeuropathic pain 

model or the morphine analgesic tolerance model. Panel A; “Neuropathy model”: * p < 

0.05 vs. 1% HEC + saline, $ p < 0.05 vs. sham, one-way ANOVA followed by Fisher’s 

LSD post hoc test, n = 4–6 per group; exact group sizes are shown in each graph. F (4, 

20) = 3.142, p = 0.0371. Panel A; “Morphine tolerance model”: * p < 0.05 vs. 1% HEC 

+ saline, δ p < 0.05 vs. 1% HEC + morphine, one-way ANOVA followed by Fisher’s 

LSD post hoc test, n = 5–6 per group; exact group sizes are shown in each graph. F (3, 

17) = 4.946, p = 0.012. Panel B: “Neuropathy model”: one-way ANOVA followed by 

Fisher’s LSD post hoc test, n = 3–5 per group; exact group sizes are shown in each 

graph. Panel B; “Morphine tolerance model”: * p < 0.05 vs. saline + saline, one-way 

ANOVA followed by Fisher’s LSD post hoc test, n = 4–6 per group; exact group sizes 

are shown in each graph. F (3, 16) = 2.704, p = 0.0801. [77] 
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5. DISCUSSION 

Current pharmacological treatment options, including opioids and non-opioid 

analgesics, supplemented by regional anaesthesia and adjunctive agents provide 

satisfactory relief for most acute pain. However, in chronic pain entities, in particular NP, 

adequate pain control is not satisfactory even with current treatment options, such as 

tricyclic antidepressants (TCAs), serotonin and noradrenaline reuptake inhibitors 

(SNRIs), gabapentinoids, local anaesthetic patches, capsaicin or opioid analgesics. 

Indeed, the drawback of these medications is not only limited to the efficacy but also a 

slow onset of action and a progressively worsening side-effect profile with dose 

escalation. In recent decades, several new pathways and pharmacological targets have 

been identified in the hope of achieving adequate pain control and decreasing unwanted 

effects. Repurposing existing medications or exploiting multi-target treatment options or 

combination treatment regimens that improve the efficacy without worsening the side 

effects of available analgesic agents has also gained great attention. Emerging as an 

important novel area of pain research, antagonists of the central RAS, including AT1 

receptor antagonists have been suggested to have a promising effect in chronic pain 

entities, such as NP. In this regard, the present work provides preclinical studies and 

background for the implication of the AT1 receptor in NP and possible mechanisms 

involved in the antiallodynic effects of AT1 receptor antagonists. This work also shows 

that certain AT1 receptor antagonists are able to produce a remarkable antiallodynic effect 

and delay opioid analgesic tolerance once combined with morphine. 

Figure 19. Molecular structures of losartan (A) and telmisartan (B). 

We first examined the antiallodynic effect of two ARB compounds, losartan and 

telmisartan alone following acute oral administration. We have chosen both compounds 
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to be well-known, clinically utilised, inexpensive drugs with tolerable side-effect profiles, 

making them ideal for potential repurposing endeavours. The molecular structures of the 

selected ARBs are depicted in Figure 19. 

Both inhibitors proved to be effective against allodynia evoked by sciatic nerve 

ligation (Figure 4, panels A and B). These results are mostly in accordance with previous 

literature [69,108,116,132], though contradictory results have also been reported on the 

effect of losartan on NP evoked by sciatic nerve constriction [65]. Indeed, in this latter 

work by Costa et al., the route of administration for losartan was intraplanar, and a small 

dose was applied. Furthermore, earlier studies have highlighted the antiallodynic effect 

of AT1 receptor antagonists in models of polyneuropathic pain (diabetes-induced 

[69,116] or chemotherapy-induced [108,132]) or peripheral mononeuropathy induced by 

CCI [82,205]. In the work by Jaggi and Singh, despite the similarity in the route of 

administration, telmisartan failed to produce an antiallodynic effect following acute 

administration however after chronic oral treatment in doses of 2 or 5 mg·kg−1 it proved 

to be effective [82]. The applied dose was smaller than that applied in our study, and the 

magnitude of mechanical allodynia was measured by pinprick test [82]. Applying the 

same assay, in another study, both losartan and telmisartan were tested for their 

antiallodynic effect. The authors concluded that both drugs could only produce 

antiallodynic effect after chronic treatment. Their protocol differs in the applied dose, 

mononeuropathic pain model (CCI vs. pSNL) and the initiation of treatment course from 

the present work (starting treatment on the day of surgery vs. starting treatment when 

symptoms of NP have developed) therefore it is difficult to draw any definitive 

conclusions in term of similarity or dissimilarity with our results. In fact, our data, to the 

best of our knowledge, have shown for the first time, that both losartan and telmisartan 

are able to ameliorate mechanical allodynia, a hallmark symptom of NP evoked by pSNL 

after a single oral dose. It is noteworthy that the effective dose in our experimental set-up 

was almost double that used in previous studies. When comparing rodent models of 

mononeuropathic pain, both CCI and pSNL evoke behavioural responses with a similar 

time curve; however, the magnitude of mechanical allodynia induced by pSNL is greater 

[206]. Thus, the difference in effective dosage range of the test compounds can be 

attributed to the type of surgical methods used to elicit NP. Two notable differences were 

found between the effects of the two drugs tested. First, losartan had a peak effect at 1 
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hour, whereas telmisartan had a peak effect at 2 hours. On the other hand, both drugs 

exhibited a ceiling at the peak effect demonstrated by the higher doses tested: 100 or 150 

µmol·kg−1 BW for losartan and 40 or 80 µmol·kg−1 BW for telmisartan. Even though the 

effects of the intermediate and high doses of losartan were similar, the intermediate dose 

produced a statistically significant antiallodynic effect, while the high dose was 

moderately but not significantly effective. These results suggest that the ceiling effect in 

the action of losartan at mid-higher doses is more obvious. On the other hand, the 

mechanical pain threshold of the left (unoperated) paws of the animals remained 

unchanged following acute treatment with losartan, telmisartan or their vehicles, 

indicating that the observed effect is of antiallodynic character rather than antinociceptive 

(Figure 20). 

Figure 20. Mechanical pain threshold of the intact (left, L) hind paws of animals orally 

treated with losartan or telmisartan or their vehicles in the acute experiments. Graphs 

show the means of PWT ± S.E.M. in grams, in the indicated time points, 2 weeks after 

pSNL. 

One of the outstanding results in the present study is that combining subanalgesic 

doses of telmisartan and morphine showed a remarkable significant antiallodynic effect 

following chronic treatment, though a trend effect following acute administration was 

also measured in a model of NP (Figure 5). The efficacy of opioid analgesics in NP is 

controversial in the literature, and several innovative strategies for improvement have 

been proposed. Thus, we paid attention to the possibility of improving the analgesic 

efficacy of morphine in NP by combining it with AT1 receptor antagonists. In addition, 

we were eager to know whether this combination could open an avenue in hindering 

opioid analgesic tolerance, ultimately resulting in opioid dose-sparing treatment 

strategies. To assess this, experiments were initially carried out to ascertain the 

subanalgesic doses for both tested ARBs. The ineffective dose of telmisartan or losartan 
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observed in the previous series of experiments was chosen for the combination studies. 

On the other hand, ineffective morphine dose was also determined under the same 

experimental conditions. Herein, our results revealed that systemic morphine only at a 

high dose was able to alleviate mechanical allodynia evoked by pSNL following acute 

administration. However, at this dose (20 µmol·kg−1 BW), the effect of morphine was not 

restricted to ameliorate allodynia but also caused an impact on the intact paw, indicated 

by the average PWT of the unoperated paws matching the cut-off value of 50 g (Figure 

4, panel C). Indeed, previous important findings are that the number of functional MORs 

is decreased under neuropathic conditions [32,35] and that acute analgesia is only 

achievable with large systemic doses of MOR agonists with high intrinsic efficacy [32]. 

In addition, considering the side effect profile of morphine, this dose (20 µmol·kg−1 BW) 

is known to induce central side effects, such as motor coordination disturbances [207], as 

described by our group and others. 

A further important result of this work is that instead of observing a decrease in 

the effectiveness of morphine over time, which has been reported in numerous works, in 

this arrangement, we can report an increase in analgesic effect upon repeated 

administration. We hypothesise that this effect may be related to the pharmacodynamic 

profile and possible dynamic interactions between the test compounds without disclosing 

their pharmacokinetic profiles. Therefore, we have extended our work to examine the 

activation of opioid receptors by morphine in the spinal cords of neuropathic animals 

under these conditions. In these experiments, the intrinsic efficacy of morphine (Emax) 

remained unchanged. However, 10 days of treatment with only morphine led to a 

significant loss of morphine potency (EC50), as demonstrated by a significant rightward 

shift in the morphine concentration-response curve (Figure 6) in comparison to the control 

curve. However, when telmisartan was co-administered, morphine potency was retained, 

as evident from the morphine concentration-response curve in the group treated with the 

combination, which did not differ from that of control (Figure 6). The seen loss of potency 

in the morphine-treated group may be explained by the development of analgesic 

tolerance which result is in line with previous research findings describing no change in 

opioid Emax and increased EC50 values in the spinal cord of morphine-tolerant mice [200]. 

The decreased development of analgesic tolerance to morphine upon co-administration 

of a sub-analgesic dosage of telmisartan is a notable discovery in this present research. 
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In the next section of experiments, we further tested whether this effective 

combination is devoid of side effects related to motor functions. Neither morphine in 

subanalgesic dose (10 µmol·kg−1 BW) nor telmisartan (80 µmol·kg−1 BW) plus morphine 

(10 µmol·kg−1 BW) affected the rats’ motor function, indicating that the side effect profile 

of the combination is desirable compared to those seen following higher doses of 

morphine. As described earlier, a dose of morphine that produced significant 

antinociception in our experimental arrangement (20 µmol·kg−1 BW) has been linked to 

impairments in motor coordination [207]. 

To explain the antiallodynic effect of the combination, we extended our study to 

examine the coexistence of receptors that mediate the observed effect, namely the AT1 

receptor and MOR. As discussed in Section 1, the neuroanatomical distribution patterns 

of AT1 receptors and MORs have been thoroughly investigated and discussed in 

numerous publications in the past. However, to the best of our knowledge, no study has 

investigated the co-expression of these structures at the mRNA level in cells that play a 

crucial role in the transmission and modulation of nociceptive information. In this regard, 

spinal cord dorsal horns and PAGs of naïve rats were chosen as the most relevant areas 

to our research question. Applying RNAScope® in-situ RNA hybridisation assay, our 

results have proven the cellular co-expression of AT1 receptors and MORs in the 

examined regions (Figures 8-11.). This further supports our findings that there may be 

cooperation between these receptors at the spinal level and/or supraspinal sites. Next, to 

judge the source of MORs, we have also examined the DRG, since opioid receptors are 

mostly synthesised there and transported either to the central terminal of primary afferents 

or to the periphery, as described previously [208,209]. Indeed, we have identified the 

highest level of co-expression in the DRGs; further analysis was conducted on neurons 

exhibiting this trait. This was achieved through the co-detection of mRNA of CGRP 

(CALCA) and VGLUT1, both of which are important neuronal markers. CALCA/CGRP 

is a marker of small peptidergic neurons, which are attributed important roles in pain 

transmission and facilitation of hyperalgesia under pathological states [8,9,11,14,16]. 

VGLUT1, on the other hand, is mainly localised on large neurons, and it has been shown 

not to co-localise with CGRP; thus, we used it as a large/non-peptidergic neuronal marker 

[203]. In this set of experiments, AT1 receptor and MOR-positive neurons in the DRGs 

were largely positive for CGRP and negative for VGLUT1. As a limitation of our study, 
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the experimental methodology used here detects these structures at the mRNA level, and 

thus, future studies are required to validate these results with protein expressional data. 

In addition, we cannot exclude the interactions between the AT1 receptors and MORs in 

the periphery, namely the peripheral terminals of primary afferents or immune cells. 

Future studies are needed to judge whether a peripheral analgesic effect on these sites is 

producible. 

Taken together, our experiments with acute or chronic administration of the tested 

ARBs show notable differences between them. These differences may be explained by 

discrepancies in the pharmacokinetic properties of the two agents. Due to its high 

lipophilicity and ability to penetrate the CNS, telmisartan is considered to be a drug of 

particular interest among the AT1 receptor antagonists in neurological diseases [210–

212]. In a study performed by Michel et al. investigating the properties of different ARBs, 

telmisartan was found to have a much larger volume of distribution than losartan or its 

active metabolite, losartan-carboxylic acid (EXP-3174), indicating a greater tissue 

distribution [213] but, interestingly shows no evidence of CNS penetration by either of 

the agents. On the other hand, Konno et al. provided evidence of AT1 receptorial effects 

of telmisartan in the rostral-venterolateral medulla following oral administration in rats, 

which indicates CNS penetration of the compound [214]. Furthermore, the results of 

Wang et al. showed that the highly lipophilic AT1 receptor antagonist embusartan, but 

not losartan, is able to induce a significant CNS effect. [215]. More recently, Kakuta et 

al. found that telmisartan demonstrated the highest lipophilicity and superior cell 

penetration capability when compared to other tested ARB compounds [216]. On the 

other hand, the differences in the effects of telmisartan and losartan may be due to the 

different pharmacodynamic profiles of the drugs. Telmisartan has an off-target effect in 

functioning as a high-affinity PPARγ agonist alongside its role as an AT1 receptor 

antagonist [216]. This dual mechanism of action is a unique feature of this compound, 

with some studies attributing potent neuroprotective effects to it [217,218]. As mentioned 

in section 1.3.3. and depicted in Figure 1., PPARγ agonists have been shown to have 

beneficial effects in NP or opioid analgesic tolerance, explained by their ability to 

suppress proinflammatory cytokine production, inhibit fractalkine receptors and reduce 

spinal microglia activation [191,192,219–222]. To date, no study has attributed a similar 

direct PPARγ-activating effect to losartan or its main active metabolite, EXP-3174 
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(losartan carboxylic acid). However, a minor metabolite of losartan, EXP-3179, has been 

reported to have several independent off-target effects, namely blockade of 

cyclooxygenase 2 (COX-2), phosphorylation of NOS and partial activation of PPARγ 

[223,224]. This metabolite is formed at low levels and has been shown to be capable of 

inducing PPARγ activation, the magnitude of which is 51% that of pioglitazone [223]. 

Whilst the kinetic properties of EXP-3179 have not yet been fully elucidated, Rossi has 

reported that the plasma levels necessary to produce relevant PPARγ agonism are only 

transient and are reached briefly following systemic administration [224]. 

As mentioned above, despite the fact that long-term treatment with MOR agonists 

results in the development of tolerance, in our experimental setting, this was not the case 

when low-dose morphine was combined with telmisartan. Therefore, we have assessed 

the impact of ARBs on the development of opioid analgesic tolerance in another in vivo 

setting. To do this, we have utilised a thermal pain model, the rat tail-flick test, which is 

a widely accepted assay to monitor opioid antinociceptive activity and efficacy [225,226]. 

In our experimental setting, as a salient finding, both losartan and telmisartan were able 

to significantly delay the development of morphine analgesic tolerance (Figures 12 and 

13). Previous results support that PPARγ agonists are able to delay the development of 

morphine tolerance in rodents [222]. Importantly, in this work, both test compounds 

produced similar results, challenging the hypothesis that the effect of telmisartan solely 

relies on PPARγ activation. On the other hand, it must also be noted that the losartan 

metabolite EXP-3179 may also induce PPARγ activation, as discussed earlier. As 

described in section 1.3.3., PPARγ is abundantly expressed in the spinal cord by neurons 

and glial cells. A recent study conducted on microglial cell culture implicates that the 

inhibitory impact of candesartan, an AT1 receptor antagonist, on microglial activation 

depends on PPARγ-activation [139]. This leads to reduced morphine-induced 

inflammatory response and thus may be beneficial in opioid tolerance [139]. Accordingly, 

further experiments were conducted in order to determine the extent to which PPARγ 

activation contributes to the remarkable morphine tolerance-delaying effect of our test 

compounds. 

In this set of experiments, animals were treated with GW9662, a selective PPARγ 

antagonist in combination with losartan or telmisartan, as described in section 3.3.2.2. 

Morphine retained its analgesic effects when combined with losartan, telmisartan or 
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losartan + GW9662. When it was combined with telmisartan + GW9662, on day 10, 

morphine caused a moderate but not significant tail-flick latency increase at any time-

point compared to control (Figure 13). The AUC values of tail-flick latency-time curves 

on day 10 were significantly higher than control in the cohorts that were administered 

ARBs without GW9662 in conjunction with morphine (Figure 10). These results indicate 

that PPARγ activation contributed to the effect of our test compounds; the magnitude of 

this contribution is most likely greater in the case of telmisartan than in the case of 

losartan. This fact is consistent with the notion that PPARγ can be directly activated by 

only one of losartan’s minor metabolites and not by losartan itself [223]. While in the 

case of telmisartan, the parent structure possesses PPARγ activating capabilities. 

Reducing microglial activation is regarded as an important mechanism behind the 

beneficial effects of PPARγ agonists [192,227]. In this regard, activation and infiltration 

of spinal microglia have been shown to play an important role in morphine-induced 

analgesic tolerance [181,193,228,229]. These are consistent with our results regarding 

spinal microglial infiltration in animals receiving morphine, ARBs, GW9662 or vehicles 

for 10 days. Namely, chronic morphine treatment increased microglial infiltration, which 

was decreased by co-treatment with losartan or telmisartan. GW9662 was able to largely 

reverse the effect of ARBs on microglial cell number (Figure 11). 

Taken together, we can hypothesise that PPARγ is considerably involved in the 

measured effects of losartan and telmisartan regarding delaying opioid analgesic 

tolerance. This involvement is largely connected to the impact of ARBs on microglial 

activation. However, AT1 activation or other currently unknown off-target effects of 

losartan and telmisartan may also be important in the mechanism behind their observed 

impact on morphine tolerance, since GW9662 was not able to completely abolish their 

effect. Importantly, it is also possible that the dose of GW9662 used in our experimental 

protocol was not sufficient to achieve complete inhibition of PPARγ thus future studies 

may be necessary to fully shed light on the molecular background of morphine-tolerance 

delaying effect of losartan and telmisartan. 

The spinal glutamatergic system and its modulation, especially regarding NMDA 

receptors, have been described to be fundamentally involved in neuropathic pain [23,195] 

and opioid analgesic tolerance [167,169,170]. Several works have described the 

development of opioid analgesic tolerance to correlate with activation of spinal NMDA 



65 

 

receptors containing NR2B subunit [230–234]. It is a given fact that competitive and 

noncompetitive NR2A-2D containing NMDA receptor blockers such as MK801 or D-2-

amino-5-phosphonopentanoate (D-AP5) delayed the development of opioid analgesic 

tolerance [168,232,233,235]. NR2A-2D containing NMDA receptors encompass a co-

agonist binding site (for D-serine and glycine) beside the glutamate binding site. These 

receptors have been shown to be predominantly located in extra-synaptic positions 

whereas NR2A-containing NMDA receptors have a synaptic location. Furthermore, these 

receptor types have a unique feature related to relieving the Mg2+ blockade of the channel 

following simultaneous binding of glutamate and one co-agonist, either D-serine or 

glycine and coincident depolarisation of the neuron cell membrane. 

Therefore, we have extended our experiments with an aim to assess changes in 

CSF L-glutamate and D-serine levels of neuropathic or morphine-tolerant rats receiving 

long-term treatment with the tested ARBs alone or in combination with morphine. The 

combination of telmisartan and morphine produced an increase in the L-glutamate and a 

decrease in D-serine levels in animals exhibiting improved analgesia or delayed tolerance 

to opioid analgesia. D-serine is an endogenous co-agonist of NR1 and NR2A-D subunit-

containing NMDA receptors as mentioned above. Under neuropathic conditions, it is 

released from inflammatory astrocytes and mediates extra-synaptic NMDA receptor 

activation, leading to the development of mechanical allodynia [236–238]. In addition, 

decreasing elevated D-serine levels in opioid-tolerant animals alleviates the impaired 

analgesic effect of morphine, as shown by Cao et al. [239]. Taking together, we can 

hypothesise that decreased D-serine levels in neuropathic or morphine-tolerant animals 

in our experimental setting led to reduced extra-synaptic, pathological NMDA receptor 

activation despite high L-glutamate levels. Nevertheless, the mechanism underlying the 

observed impact of our test compounds in vivo and their effect on CSF glutamate and 

serine content is most likely a complex process involving targets other than NMDA, 

opioid or angiotensin receptors and PPAR-γ, which targets may directly or indirectly 

influence neurodegeneration, physiological functions of the central nervous system and, 

ultimately, analgesia. 
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6. CONCLUSIONS 

1. The AT1 receptors are likely to participate in the development of neuropathic 

pain, as AT1 receptor antagonists, losartan or telmisartan alleviate 

mechanical allodynia, in high systemic doses, following acute 

administration. 

2. The antiallodynic effect of morphine is only achieved in high systemic 

doses, not devoid of central side effects. This is in line with previous works. 

3. Utilizing the co-operation between MOR and AT1 receptor could be a future 

strategy to treat neuropathic pain, as the combination of morphine and 

telmisartan in subanalgesic doses produces significant antiallodynic effect 

upon long-term administration. 

4. Chronic combination treatment with antiallodynic capabilities was devoid 

of analgesic tolerance, the current obstacle to go on with long-term opioid 

treatment. 

5. Long-term treatment with high doses of morphine results in the development 

of opioid analgesic tolerance, accompanied by the activation of spinal 

microglia. Losartan or telmisartan rescues morphine analgesic efficacy 

upon long-term treatment by restoring Gi mediated effect of morphine and 

inhibiting spinal microglial infiltration. 

6. Beside blockade of AT1 receptors, activation of PPARγ likely contributes to 

the effect of losartan and telmisartan.  

7. The co-operation between AT1 receptors and MORs is supported by their 

colocalisation at key points related to pain transmission (DRG, spinal cord 

dorsal horn and PAG). In the DRG, these structures also colocalise with 

peptidergic neuronal markers. 

8. Inhibition of NMDA receptor overactivation by decreasing the levels of co-

agonist D-serine, is likely to be involved in the beneficial effect of telmisartan. 

9. Our results reveal possible strategies of opioid dose tapering through 

concomitant application of AT1 antagonists and opioid analgesics. 
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7. SUMMARY 

In the present work, we have shown for the first time that losartan and telmisartan, 

two ARBs with potential for drug-repurposing efforts are able to produce acute 

antiallodynic effects in animals with mononeuropathic pain evoked by pSNL. Moreover, 

the combination of subanalgesic doses of telmisartan and morphine produces significant 

antiallodynia upon long-term administration and prevents the loss of morphine potency 

at a spinal level. Indeed, as a salient finding of this work, both tested ARBs in 

subanalgesic doses are able to delay the development of analgesic tolerance in response 

to long-term, high-dose, systemic morphine treatment in rats. 

Our findings may also be supported by the observation that important structures 

of the RAS and opioid system share features of neuroanatomical localisation at points of 

crucial role in pain transmission. Our results have directly shown for the first time that 

receptors of these systems indeed colocalise in the rat spinal cord dorsal horn and PAG. 

Moreover, in the DRG, which serves as the primary place of synthesis for peripheral and 

spinal MORs, AT1 and MOR highly co-exist with peptidergic neuronal markers, further 

supporting involvement in pain transmission. 

The indirect activation of PPARγ by AT1 antagonists may contribute to the 

observed beneficial effects, particularly regarding opioid analgesic tolerance. Complex 

underlying mechanisms ultimately lead to decreased microglial infiltration of the spinal 

cord following long-term morphine treatment. A decrease in the concentration of spinal 

D-serine, a co-agonist of NR2A-D subunit-containing NMDA receptors was also 

measured in the present work. The prerequisite for the activation as well as overactivation 

of these receptors is the presence of one co-agonist (glycine or D-serine) and glutamate. 

This mechanism may also be involved in addition to blockade of AT1 receptors, however 

future studies are needed to elucidate this issue. Indeed, the involvement of NMDA 

receptor overactivation in NP or opioid analgesic tolerance is beyond doubt. 

Taken together, treatment with telmisartan or losartan may be beneficial in 

conditions with impaired opioid effect, such as NP or opioid analgesic tolerance. This 

work may provide the preclinical basis for utilising the combination of AT1 receptor 

antagonists with MOR analgesics to restore opioid efficacy and reduce the need for opioid 

dose escalation. 



68 

 

8. REFERENCES 

1.  Breivik H, Collett B, Ventafridda V, Cohen R, Gallacher D. Survey of chronic pain 

in Europe: prevalence, impact on daily life, and treatment. Eur J Pain. 2006 

May;10(4):287–333.  

2.  Von Korff M, Wagner EH, Dworkin SF, Saunders KW. Chronic pain and use of 

ambulatory health care. Psychosom Med. 1991;53(1):61–79.  

3.  Brownstein MJ. A brief history of opiates, opioid peptides, and opioid receptors. 

Vol. 90, Proceedings of the National Academy of Sciences of the United States of 

America. 1993. p. 5391–5393.  

4.  Joel FORT MD. Giver of delight or Liberator of sin: Drug use and “addiction” in 

Asia. Bull Narc [Internet]. 1965;17(3):1-11. Available from: 

https://www.unodc.org/unodc/en/data-and-analysis/bulletin/bulletin_1965-01-

01_3_page002.html 

5.  Krishnamurti C, Rao SSCC. The isolation of morphine by serturner. Vol. 60, 

Indian Journal of Anaesthesia. 2016. p. 861–862.  

6.  Bridgestock C, Rae CP. Anatomy, physiology and pharmacology of pain. Vol. 14, 

Anaesthesia and Intensive Care Medicine. 2013. p. 480–483.  

7.  Urch C. Normal Pain Transmission. Rev Pain [Internet]. 2007 Aug [cited 2018 Oct 

6];1(1):2–6. Available from: http://www.ncbi.nlm.nih.gov/pubmed/26526819 

8.  Bourne S, Machado AG, Nagel SJ. Basic anatomy and physiology of pain 

pathways [Internet]. Vol. 25, Neurosurgery Clinics of North America. Elsevier; 

2014 [cited 2018 Sep 15]. p. 629–638. Available from: 

https://www.sciencedirect.com/science/article/pii/S1042368014000576?via%3Di

hub 

9.  Wiesenfeld-Hallin Z, Hökfelt T, Lundberg JM, Forssmann WG, Reinecke M, 

Tschopp FA, Fischer JA. Immunoreactive calcitonin gene-related peptide and 

substance P coexist in sensory neurons to the spinal cord and interact in spinal 

behavioral responses of the rat. Neurosci Lett. 1984;52(1–2):199–204.  

10.  Nagy JI, Hunt SP. Fluoride-resistant acid phosphatase-containing neurones in 

dorsal root ganglia are separate from those containing substance P or somatostatin. 

Neuroscience. 1982;7(1):89–97.  



69 

 

11.  Rosenow JM, Henderson JM. Anatomy and physiology of chronic pain. Vol. 14, 

Neurosurgery Clinics of North America. 2003. p. 445–462.  

12.  Kaplan DR, Hempstead BL, Martin-Zanca D, Chao M V., Parada LF. The trk 

proto-oncogene product: A signal transducing receptor for nerve growth factor. 

Science (80- ). 1991;252(5005):554–558.  

13.  Averill S, McMahon SB, Clary DO, Reichardt LF, Priestley J V. 

Immunocytochemical Localization of trkA Receptors in Chemically Identified 

Subgroups of Adult Rat Sensory Neurons. Eur J Neurosci. 1995;7(7):1484–1494.  

14.  Lewin GR, Mendell LM. Nerve growth factor and nociception. Vol. 16, Trends in 

Neurosciences. 1993. p. 353–359.  

15.  Lewin GR, Rueff A, Mendell LM. Peripheral and Central Mechanisms of NGF‐

induced Hyperalgesia. Eur J Neurosci. 1994;6(12):1903–1912.  

16.  Lewin GR, Ritter AM, Mendell LM. Nerve growth factor-induced hyperalgesia in 

the neonatal and adult rat. J Neurosci. 1993;13(5):2136–2148.  

17.  Petty BG, Cornblath DR, Adornato BT, Chaudhry V, Flexner C, Wachsman M, 

Sinicropi D, Burton LE, Peroutka SJ. The effect of systemically administered 

recombinant human nerve growth factor in healthy human subjects. Ann Neurol. 

1994;36(2):244–246.  

18.  Svensson P, Cairns BE, Wang K, Arendt-Nielsen L. Injection of nerve growth 

factor into human masseter muscle evokes long-lasting mechanical allodynia and 

hyperalgesia. Pain. 2003;104(1–2):241–247.  

19.  Indo Y. Genetics of congenital insensitivity to pain with anhidrosis (CIPA) or 

hereditary sensory and autonomic neuropathy type IV: Clinical, biological and 

molecular aspects of mutations in TRKA(NTRK1) gene encoding the receptor 

tyrosine kinase for nerve growth . Clin Auton Res. 2002;12(1 SUPPL.).  

20.  Price DD, Greenspan JD, Dubner R. Neurons involved in the exteroceptive 

function of pain. Vol. 106, Pain. 2003. p. 215–219.  

21.  Willis WD, Westlund KN. Neuroanatomy of the pain system and of the pathways 

that modulate pain. Vol. 14, Journal of Clinical Neurophysiology. 1997. p. 2–31.  

22.  Heinricher MM, Tavares I, Leith JL, Lumb BM. Descending control of 

nociception: Specificity, recruitment and plasticity [Internet]. Vol. 60, Brain 

Research Reviews. Elsevier; 2009 [cited 2018 Sep 15]. p. 214–225. Available 



70 

 

from: https://www.sciencedirect.com/science/article/pii/S0165017308001471 

23.  Al-Khrasani M, Mohammadzadeh A, Balogh M, Király K, Barsi S, Hajnal B, 

Köles L, Zádori ZS, Harsing LG. Glycine transporter inhibitors: A new avenue for 

managing neuropathic pain [Internet]. Vol. 152, Brain Research Bulletin. 2019 

[cited 2019 Dec 9]. p. 143–158. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/31302238 

24.  Zimmermann M. Pathobiology of neuropathic pain [Internet]. Vol. 429, European 

Journal of Pharmacology. 2001 [cited 2018 Sep 15]. p. 23–37. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/11698024 

25.  Moalem G, Tracey DJ. Immune and inflammatory mechanisms in neuropathic pain 

[Internet]. Vol. 51, Brain Research Reviews. 2006 [cited 2018 Sep 3]. p. 240–264. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/16388853 

26.  Scholz J, Woolf CJ. The neuropathic pain triad: Neurons, immune cells and glia 

[Internet]. Vol. 10, Nature Neuroscience. 2007 [cited 2018 Sep 3]. p. 1361–1368. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/17965656 

27.  Pezet S, McMahon SB. NEUROTROPHINS: Mediators and Modulators of Pain. 

Annu Rev Neurosci [Internet]. 2006 Jul 21 [cited 2018 Sep 3];29(1):507–538. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/16776595 

28.  Tominaga M, Numazaki M, Iida T, Tominaga T. Molecular mechanisms of 

nociception [Internet]. Vol. 23, Japanese Journal of Neuropsychopharmacology. 

2003 [cited 2018 Sep 3]. p. 139–147. Available from: 

http://www.nature.com/doifinder/10.1038/35093019 

29.  Luo ZD, Chaplan SR, Higuera ES, Sorkin LS, Stauderman KA, Williams ME, 

Yaksh TL. Upregulation of Dorsal Root Ganglion α 2 δ Calcium Channel Subunit 

and Its Correlation with Allodynia in Spinal Nerve-Injured Rats. J Neurosci 

[Internet]. 2001 Mar 15 [cited 2018 Sep 15];21(6):1868–1875. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/11245671 

30.  Boroujerdi A, Zeng J, Sharp K, Kim D, Steward O, Luo ZD. Calcium channel 

alpha-2-delta-1 protein upregulation in dorsal spinal cord mediates spinal cord 

injury-induced neuropathic pain states. Pain [Internet]. 2011 Mar [cited 2018 Sep 

16];152(3):649–655. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/21239111 



71 

 

31.  Meisner JG, Marsh AD, Marsh DR. Loss of GABAergic interneurons in laminae 

I-III of the spinal cord dorsal horn contributes to reduced GABAergic tone and 

neuropathic pain after spinal cord injury. J Neurotrauma. 2010;27(4):729–737.  

32.  Balogh M, Zádor F, Zádori ZS, Shaqura M, Király K, Mohammadzadeh A, Varga 

B, Lázár B, Mousa SA, Hosztafi S, Riba P, Benyhe S, Gyires K, Schäfer M, Fürst 

S, Al-Khrasani M. Efficacy-based perspective to overcome reduced opioid 

analgesia of advanced painful diabetic neuropathy in rats. Front Pharmacol 

[Internet]. 2019 Apr 9 [cited 2020 May 14];10(APR). Available from: 

https://www.frontiersin.org/article/10.3389/fphar.2019.00347/full 

33.  Kohno T, Ji RR, Ito N, Allchorne AJ, Befort K, Karchewski LA, Woolf CJ. 

Peripheral axonal injury results in reduced μ opioid receptor pre- and post-synaptic 

action in the spinal cord. Pain. 2005;117(1–2):77–87.  

34.  Obara I, Gunduz Cinar O, Starowicz K, Benyhe S, Borsodi A, Przewlocka B. 

Agonist-dependent attenuation of μ-opioid receptor-mediated G-protein activation 

in the dorsal root ganglia of neuropathic rats. J Neural Transm. 2010;117(4):421–

429.  

35.  Shaqura M, Khalefa BI, Shakibaei M, Winkler J, Al-Khrasani M, Fürst S, Mousa 

SA, Schäfer M. Reduced number, G protein coupling, and antinociceptive efficacy 

of spinal mu-opioid receptors in diabetic rats are reversed by nerve growth factor. 

J Pain. 2013 Jul;14(7):720–730.  

36.  Nickel FT, Seifert F, Lanz S, Maihöfner C. Mechanisms of neuropathic pain 

[Internet]. Vol. 22, European Neuropsychopharmacology. Elsevier; 2012 [cited 

2018 Sep 4]. p. 81–91. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/21672666 

37.  Qu XX, Cai J, Li MJ, Chi YN, Liao FF, Liu FY, Wan Y, Han JS, Xing GG. Role 

of the spinal cord NR2B-containing NMDA receptors in the development of 

neuropathic pain. Exp Neurol. 2009;215(2):298–307.  

38.  Finnerup NB, Attal N, Haroutounian S, McNicol E, Baron R, Dworkin RH, Gilron 

I, Haanpää M, Hansson P, Jensen TS, Kamerman PR, Lund K, Moore A, Raja SN, 

Rice ASC, Rowbotham M, Sena E, Siddall P, Smith BH, Wallace M. 

Pharmacotherapy for neuropathic pain in adults: A systematic review and meta-

analysis. Lancet Neurol. 2015;14(2):162–173.  



72 

 

39.  Helfert SM, Reimer M, Höper J, Baron R. Individualized pharmacological 

treatment of neuropathic pain. Clin Pharmacol Ther. 2015;97(2):135–142.  

40.  Attal N, Cruccu G, Baron R, Haanpää M, Hansson P, Jensen TS, Nurmikko T. 

EFNS guidelines on the pharmacological treatment of neuropathic pain: 2010 

revision [Internet]. Vol. 17, European Journal of Neurology. Wiley/Blackwell 

(10.1111); 2010 [cited 2018 Sep 16]. p. 1113–1123. Available from: 

http://doi.wiley.com/10.1111/j.1468-1331.2010.02999.x 

41.  Dick IE, Brochu RM, Purohit Y, Kaczorowski GJ, Martin WJ, Priest BT. Sodium 

Channel Blockade May Contribute to the Analgesic Efficacy of Antidepressants. J 

Pain. 2007;8(4):315–324.  

42.  De Moulin D, Boulanger A, Clark AJ, Clarke H, Dao T, Finley GA, Furlan A, 

Gilron I, Gordon A, Morley-Forster PK, Sessle BJ, Squire P, Stinson J, Taenzer P, 

Velly A, Ware MA, Weinberg EL, Williamson OD. Pharmacological management 

of chronic neuropathic pain: Revised consensus statement from the Canadian Pain 

Society. Pain Res Manag. 2014;19(6):328–335.  

43.  Taylor CP. Mechanisms of analgesia by gabapentin and pregabalin - Calcium 

channel α2-δ [Cavα2-δ] ligands. Vol. 142, Pain. 2009.  

44.  Arezzo JC, Rosenstock J, LaMoreaux L, Pauer L. Efficacy and safety of pregabalin 

600 mg/d for treating painful diabetic peripheral neuropathy: A double-blind 

placebo-controlled trial. BMC Neurol. 2008;8.  

45.  Majdinasab N, Kaveyani H, Azizi M. A comparative double-blind randomized 

study on the effectiveness of duloxetine and gabapentin on painful diabetic 

peripheral polyneuropathy. Drug Des Devel Ther. 2019;13:1985–1992.  

46.  Cardenas DD, Nieshoff EC, Suda K, Goto SI, Sanin L, Kaneko T, Sporn J, Parsons 

B, Soulsby M, Yang R, Whalen E, Scavone JM, Suzuki MM, Knapp LE. A 

randomized trial of pregabalin in patients with neuropathic pain due to spinal cord 

injury. Neurology. 2013;80(6):533–539.  

47.  Levendoǧlu F, Öǧün CÖ, Özerbil Ö, Öǧün TC, Uǧurlu H. Gabapentin Is a First 

Line Drug for the Treatment of Neuropathic Pain in Spinal Cord Injury. Spine 

(Phila Pa 1976). 2004;29(7):743–751.  

48.  Stacey BR, Barrett JA, Whalen E, Phillips KF, Rowbotham MC. Pregabalin for 

Postherpetic Neuralgia: Placebo-Controlled Trial of Fixed and Flexible Dosing 



73 

 

Regimens on Allodynia and Time to Onset of Pain Relief. J Pain. 

2008;9(11):1006–1017.  

49.  Irving G, Jensen M, Cramer M, Wu J, Chiang YK, Tark M, Wallace M. Efficacy 

and tolerability of gastric-retentive gabapentin for the treatment of postherpetic 

neuralgia results of a double-blind, randomized, placebo-controlled clinical trial. 

Clin J Pain. 2009;25(3):185–192.  

50.  Gatti A, Sabato AF, Occhioni R, Colini Baldeschi G, Reale C. Controlled-release 

oxycodone and pregabalin in the treatment of neuropathic pain: Results of a 

multicenter Italian study. Vol. 61, European Neurology. 2009. p. 129–137.  

51.  Hanna M, O’Brien C, Wilson MC. Prolonged-release oxycodone enhances the 

effects of existing gabapentin therapy in painful diabetic neuropathy patients. Eur 

J Pain. 2008;12(6):804–813.  

52.  Gilron I, Bailey JM, Tu D, Holden RR, Weaver DF, Houlden RL. Morphine, 

Gabapentin, or Their Combination for Neuropathic Pain. N Engl J Med. 

2005;352(13):1324–1334.  

53.  Arcioni R, della Rocca M, Romanò S, Romano R, Pietropaoli P, Gasparetto A. 

Ondansetron inhibits the analgesic effects of tramadol: a possible 5-HT(3) spinal 

receptor involvement in acute pain in humans. Anesth Analg [Internet]. 2002 Jun 

[cited 2018 Sep 17];94(6):1553–1557, table of contents. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/12032025 

54.  Tzschentke TM, Christoph T, Kögel BY. The Mu-opioid receptor 

agonist/noradrenaline reuptake inhibition (MOR-NRI) concept in analgesia: The 

case of tapentadol [Internet]. Vol. 28, CNS Drugs. Springer International 

Publishing; 2014 [cited 2018 Sep 17]. p. 319–329. Available from: 

http://link.springer.com/10.1007/s40263-014-0151-9 

55.  Johnston CI. Biochemistry and Pharmacology of the Renin-Angiotensin System. 

Drugs. 1990;39(1):21–31.  

56.  Lippoldt A, Paul M, Fuxe K, Ganten D. The brain renin-angiotensin system: 

Molecular mechanisms of cell to cell interactions. Clin Exp Hypertens. 1995;17(1–

2):251–266.  

57.  Ahmad S, Simmons T, Varagic J, Moniwa N, Chappell MC, Ferrario CM. 

Chymase-dependent generation of angiotensin II from angiotensin-(1-12) in 



74 

 

human atrial tissue. PLoS One. 2011;6(12).  

58.  Uehara Y, Miura S ichiro, Yahiro E, Saku K. Non-ACE Pathway-induced 

Angiotensin II Production. Curr Pharm Des. 2013;19(17):3054–3059.  

59.  Von Bohlen Und Halbach O, Albrecht D. The CNS renin-angiotensin system. Vol. 

326, Cell and Tissue Research. 2006. p. 599–616.  

60.  Balogh M, Aguilar C, Nguyen NT, Shepherd AJ. Angiotensin receptors and 

neuropathic pain. PAIN Reports. 2021;6(1):e869.  

61.  B. und Halbach O. The Renin-Angiotensin System in the Mammalian Central 

Nervous System. Curr Protein Pept Sci. 2005;6(4):355–371.  

62.  Wright JW, Kawas LH, Harding JW. A Role for the Brain RAS in Alzheimer’s 

and Parkinson’s Diseases. Front Endocrinol (Lausanne). 2013;4.  

63.  Loera-Valencia R, Eroli F, Garcia-Ptacek S, Maioli S. Brain renin–angiotensin 

system as novel and potential therapeutic target for alzheimer’s disease. Vol. 22, 

International Journal of Molecular Sciences. 2021.  

64.  Takai S, Song K, Tanaka T, Okunishi H, Miyazaki M. Antinociceptive effects of 

angiotensin-converting enzyme inhibitors and an angiotensin II receptor antagonist 

in mice. Life Sci. 1996;59(21).  

65.  Costa ACO, Romero TRL, Pacheco DF, Perez AC, Savernini A, Santos RRA, 

Duarte IDG. Participation of AT1and Mas receptors in the modulation of 

inflammatory pain. Peptides. 2014;61:17–22.  

66.  Rice ASC, Dworkin RH, McCarthy TD, Anand P, Bountra C, McCloud PI, Hill J, 

Cutter G, Kitson G, Desem N, Raff M. EMA401, an orally administered highly 

selective angiotensin II type 2 receptor antagonist, as a novel treatment for 

postherpetic neuralgia: A randomised, double-blind, placebo-controlled phase 2 

clinical trial. Lancet. 2014;383(9929):1637–1647.  

67.  Anand U, Yiangou Y, Sinisi M, Fox M, MacQuillan A, Quick T, Korchev YE, 

Bountra C, McCarthy T, Anand P. Mechanisms underlying clinical efficacy of 

Angiotensin II type 2 receptor (AT2R) antagonist EMA401 in neuropathic pain: 

Clinical tissue and in vitro studies. Mol Pain. 2015;11(1).  

68.  Castor MGM, Santos RAS, Duarte IDG, Romero TRL. Angiotensin-(1-7) through 

Mas receptor activation induces peripheral antinociception by interaction with 

adrenoreceptors. Peptides. 2015;69:80–85.  



75 

 

69.  Al-Rejaie SS, Abuohashish HM, Ahmed MM, Arrejaie AS, Aleisa AM, AlSharari 

SD. Telmisartan inhibits hyperalgesia and inflammatory progression in a diabetic 

neuropathic pain model of Wistar rats. Neurosciences. 2015;20(2):115–123.  

70.  Bessaguet F, Danigo A, Magy L, Sturtz F, Desmoulière A, Demiot C. Candesartan 

prevents resiniferatoxin-induced sensory small-fiber neuropathy in mice by 

promoting angiotensin II-mediated AT2 receptor stimulation. 

Neuropharmacology. 2017;126:142–150.  

71.  Yamagata R, Nemoto W, Fujita M, Nakagawasai O, Koichi TN. Angiotensin (1-

7) attenuates the nociceptive behavior induced by substance P and NMDA via 

spinal MAS1. Biol Pharm Bull. 2021;44(5):742–746.  

72.  Taskiran AS, Avci O. Effect of captopril, an angiotensin-converting enzyme 

inhibitor, on morphine analgesia and tolerance in rats, and elucidating the 

inflammation and endoplasmic reticulum stress pathway in this effect. Neurosci 

Lett. 2021;741.  

73.  Rice ASC, Dworkin RH, Finnerup NB, Attal N, Anand P, Freeman R, Piaia A, 

Callegari F, Doerr C, Mondal S, Narayanan N, Ecochard L, Flossbach Y, Pandhi 

S. Efficacy and safety of EMA401 in peripheral neuropathic pain: results of 2 

randomised, double-blind, phase 2 studies in patients with postherpetic neuralgia 

and painful diabetic neuropathy. Pain. 2021;162(10):2578–2589.  

74.  Danigo A, Rovini A, Bessaguet F, Bouchenaki H, Bernard A, Sturtz F, 

Bourthoumieu S, Desmoulière A, Magy L, Demiot C. The angiotensin II type 2 

receptor, a target for protection and regeneration of the peripheral nervous system? 

Vol. 14, Pharmaceuticals. 2021. p. 1–17.  

75.  Toma N, Sgambato V, Couture R. Effect of angiotensin II on a spinal nociceptive 

reflex in the rat: Receptor and mechanism of action. Life Sci. 1997;61(5):503–513.  

76.  Király K, Karádi D, Zádor F, Mohammadzadeh A, Galambos AR, Balogh M, Riba 

P, Tábi T, Zádori ZS, Szökő É, Fürst S, Al-Khrasani M. Shedding light on the 

pharmacological interactions between µ-opioid analgesics and angiotensin 

receptor modulators: A new option for treating chronic pain. Vol. 26, Molecules. 

2021.  

77.  Karádi DÁ, Galambos AR, Lakatos PP, Apenberg J, Abbood SK, Balogh M, 

Király K, Riba P, Essmat N, Szűcs E, Benyhe S, Varga Z V, Szökő É, Tábi T, Al-



76 

 

Khrasani M. Telmisartan Is a Promising Agent for Managing Neuropathic Pain 

and Delaying Opioid Analgesic Tolerance in Rats. Int J Mol Sci [Internet]. 

2023;24(9). Available from: https://www.mdpi.com/1422-0067/24/9/7970 

78.  Raghavendra V, Chopra K, Kulkarni SK. Brain renin angiotensin system (RAS) in 

stress-induced analgesia and impaired retention. Peptides. 1999;20(3):335–342.  

79.  Prado WA, Pelegrini-Da-Silva A, Martins AR. Microinjection of renin-angiotensin 

system peptides in discrete sites within the rat periaqueductal gray matter elicits 

antinociception. Brain Res. 2003;972(1–2):207–215.  

80.  Pelegrini-Da-Silva A, Martins AR, Prado WA. A new role for the renin-

angiotensin system in the rat periaqueductal gray matter: Angiotensin receptor-

mediated modulation of nociception. Neuroscience. 2005;132(2):453–463.  

81.  Tang H, Pavel J, Saavedra JM, Brimijoin S. Type-1 angiotensin receptors are 

expressed and transported in motor and sensory axons of rat sciatic nerves. 

Neuropeptides. 2009;43(2):81–92.  

82.  Jaggi AS, Singh N. Exploring the potential of telmisartan in chronic constriction 

injury-induced neuropathic pain in rats. Eur J Pharmacol. 2011;667(1–3):215–221.  

83.  Chakrabarty A, Liao Z, Smith PG. Angiotensin II receptor type 2 activation is 

required for cutaneous sensory hyperinnervation and hypersensitivity in a rat hind 

paw model of inflammatory Pain. J Pain. 2013;14(10):1053–1065.  

84.  Danser AHJ, Anand P. The angiotensin II type 2 receptor for pain control. Vol. 

157, Cell. 2014. p. 1504–1506.  

85.  De Gasparo M, Catt KJ, Inagami T, Wright JW, Unger T. International union of 

pharmacology. XXIII. The angiotensin II receptors. Pharmacol Rev. 

2000;52(3):415–472.  

86.  Dinh DT, Frauman AG, Johnston CI, Fabiani ME. Angiotensin receptors: 

Distribution, signalling and function. Vol. 100, Clinical Science. 2001. p. 481–492.  

87.  Johnstone EKM, See HB, Abhayawardana RS, Song A, Rosengren KJ, Hill SJ, 

Pfleger KDG. Article investigation of receptor heteromers using nanobret ligand 

binding. Int J Mol Sci. 2021;22(3):1–16.  

88.  Porrello ER, Delbridge LMD, Thomas WG. The angiotensin II type 2 (AT2) 

receptor: An enigmatic seven transmembrane receptor. Front Biosci. 

2009;14(3):958–972.  



77 

 

89.  Bottari SP, Taylor V, King IN, Bogdal Y, Whitebread S, de Gasparo M. 

Angiotensin II AT2 receptors do not interact with guanine nucleotide binding 

proteins. Eur J Pharmacol Mol Pharmacol. 1991;207(2):157–163.  

90.  Zhang J, Pratt RE. The AT2 receptor selectively associates with Giα2 and Giα3 in 

the rat fetus. J Biol Chem. 1996;271(25):15026–15033.  

91.  Hayashida W, Horiuchi M, Dzau VJ. Intracellular third loop domain of angiotensin 

II type-2 receptor: Role in mediating signal transduction and cellular function. J 

Biol Chem. 1996;271(36):21985–21992.  

92.  Karnik SS, Unal H, Kemp JR, Tirupula KC, Eguchi S, Vanderheyden PML, 

Thomas WG. Angiotensin receptors: Interpreters of pathophysiological 

angiotensinergic stimulis. Pharmacol Rev. 2015;67(4):754–819.  

93.  Yayama K, Hiyoshi H, Imazu D, Okamoto H. Angiotensin II stimulates endothelial 

NO synthase phosphorylation in thoracic aorta of mice with abdominal aortic 

banding via type 2 receptor. Hypertension. 2006;48(5):958–964.  

94.  Bedecs K, Elbaz N, Sutren M, Masson M, Susini C, Strosberg AD, Nahmias C. 

Angiotensin II type 2 receptors mediate inhibition of mitogen-activated protein 

kinase cascade and functional activation of SHP-1 tyrosine phosphatase. Biochem 

J. 1997;325(2):449–454.  

95.  Horiuchi M, Hayashida W, Kambe T, Yamada T, Dzau VJ. Angiotensin type 2 

receptor dephosphorylates Bcl-2 by activating mitogen-activated protein kinase 

phosphatase-1 and induces apoptosis. J Biol Chem. 1997;272(30):19022–19026.  

96.  Pavel J, Tang H, Brimijoin S, Moughamian A, Nishioku T, Benicky J, Saavedra 

JM. Expression and transport of Angiotensin II AT1 receptors in spinal cord, dorsal 

root ganglia and sciatic nerve of the rat. Brain Res. 2008;1246:111–122.  

97.  Nemoto W, Nakagawasai O, Yaoita F, Kanno SI, Yomogida S, Ishikawa M, 

Tadano T, Tan-No K. Angiotensin II produces nociceptive behavior through spinal 

AT1 receptor-mediated p38 mitogen-activated protein kinase activation in mice. 

Mol Pain. 2013;9(1).  

98.  Nemoto W, Ogata Y, Nakagawasai O, Yaoita F, Tanado T, Tan-No K. The 

intrathecal administration of losartan, an AT1 receptor antagonist, produces an 

antinociceptive effect through the inhibiton of p38 MAPK phosphorylation in the 

mouse formalin test. Neurosci Lett. 2015;585:17–22.  



78 

 

99.  Shepherd AJ, Mickle AD, Golden JP, Mack MR, Halabi CM, De Kloet AD, 

Samineni VK, Kim BS, Krause EG, Gereau RW, Mohapatra DP. Macrophage 

angiotensin II type 2 receptor triggers neuropathic pain. Proc Natl Acad Sci U S 

A. 2018;115(34):E8057–E8066.  

100.  Yamagata R, Nemoto W, Nakagawasai O, Takahashi K, Tan-No K. 

Downregulation of spinal angiotensin converting enzyme 2 is involved in 

neuropathic pain associated with type 2 diabetes mellitus in mice. Biochem 

Pharmacol. 2020;174.  

101.  Benitez SG, Seltzer AM, Messina DN, Foscolo MR, Patterson SI, Acosta CG. 

Cutaneous inflammation differentially regulates the expression and function of 

Angiotensin-II types 1 and 2 receptors in rat primary sensory neurons. J 

Neurochem. 2020;152(6):675–696.  

102.  Yang Y, Wu H, Yan JQ, Song ZB, Guo QL. Tumor necrosis factor-α inhibits 

angiotensin II receptor type 1 expression in dorsal root ganglion neurons via β-

catenin signaling. Neuroscience. 2013;248:383–391.  

103.  Smith MT, Woodruff TM, Wyse BD, Muralidharan A, Walther T. A Small 

Molecule Angiotensin II Type 2 Receptor (AT2R) Antagonist Produces Analgesia 

in a Rat Model of Neuropathic Pain by Inhibition of p38 Mitogen-Activated 

Protein Kinase (MAPK) and p44/p42 MAPK Activation in the Dorsal Root 

Ganglia. Pain Med (United States). 2013;14(10):1557–1568.  

104.  Muralidharan A, Wyse BD, Smith MT. Analgesic efficacy and mode of action of 

a selective small molecule angiotensin II type 2 receptor antagonist in a rat model 

of prostate cancer-induced bone pain. Pain Med (United States). 2014;15(1):93–

110.  

105.  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(6):2384–2388.  

106.  Khan N, Muralidharan A, Smith MT. Attenuation of the infiltration of angiotensin 

ii expressing CD3+ T-cells and the modulation of nerve growth factor in lumbar 

dorsal root ganglia – A possible mechanism underpinning analgesia produced by 

EMA300, an angiotensin II type 2 (AT2) receptor ant. Front Mol Neurosci. 

2017;10.  



79 

 

107.  Benitez S, Seltzer A, Acosta C. Nociceptor-like rat dorsal root ganglion neurons 

express the angiotensin-II AT2 receptor throughout development. Int J Dev 

Neurosci. 2017;56:10–17.  

108.  Kim E, Hwang SH, Kim HK, Abdi S, Kim HK. Losartan, an Angiotensin II Type 

1 Receptor Antagonist, Alleviates Mechanical Hyperalgesia in a Rat Model of 

Chemotherapy-Induced Neuropathic Pain by Inhibiting Inflammatory Cytokines 

in the Dorsal Root Ganglia. Mol Neurobiol. 2019;56(11):7408–7419.  

109.  Chakrabarty A, Blacklock A, Svojanovsky S, Smith PG. Estrogen elicits dorsal 

root ganglion axon sprouting via a renin-angiotensin system. Endocrinology. 

2008;149(7):3452–3460.  

110.  Patil J, Schwab A, Nussberger J, Schaffner T, Saavedra JM, Imboden H. 

Intraneuronal angiotensinergic system in rat and human dorsal root ganglia. Regul 

Pept [Internet]. 2010;162(1):90–98. Available from: 

https://www.sciencedirect.com/science/article/pii/S0167011510000510 

111.  Sugimoto K, Kojima K, Baba M, Yasujima M. Olmesartan ameliorates peripheral 

nerve dysfunction in Zucker diabetic fatty rats. J Hypertens. 2011;29(7):1337–

1346.  

112.  Costa ACO, Becker LK, Moraes ÉR, Romero TRL, Guzzo L, Santos RAS, Duarte 

IDG. Angiotensin-(1-7) induces peripheral antinociception through mas receptor 

activation in an opioid-independent pathway. Pharmacology. 2012;89(3–4):137–

144.  

113.  Hashikawa-Hobara N, Hashikawa N, Inoue Y, Sanda H, Zamami Y, Takatori S, 

Kawasaki H. Candesartan cilexetil improves angiotensin II type 2 receptor-

mediated neurite outgrowth via the PI3K-Akt pathway in fructose-induced insulin-

resistant rats. Diabetes. 2012;61(4):925–932.  

114.  Cao L, Xun J, Jiang X, Tan R. Propofol up-regulates Mas receptor expression in 

dorsal root ganglion neurons. Pharmazie. 2013;68(8):677–680.  

115.  Imboden H, Patil J, Nussberger J, Nicoud F, Hess B, Ahmed N, Schaffner T, 

Wellner M, Müller D, Inagami T, Senbonmatsu T, Pavel J, Saavedra JM. 

Endogenous angiotensinergic system in neurons of rat and human trigeminal 

ganglia. Regul Pept. 2009;154(1–3):23–31.  

116.  Ogata Y, Nemoto W, Nakagawasai O, Yamagata R, Tadano T, Tan-No K. 



80 

 

Involvement of spinal angiotensin II system in streptozotocin-induced diabetic 

neuropathic pain in mice. Mol Pharmacol. 2016;90(3):205–213.  

117.  Oroszova Z, Hricova L, Stropkovska A, Lukacova N, Pavel J. The Characterization 

of AT1 Expression in the Dorsal Root Ganglia After Chronic Constriction Injury. 

Cell Mol Neurobiol. 2017;37(3):545–554.  

118.  Tang H, Pavel J, Saavedra JM, Brimijoin S. Angiotensin II type 1 receptors may 

not influence response of spinal autonomic neurons to axonal damage. Neurol Res. 

2008;30(7):751–760.  

119.  Nemoto W, Ogata Y, Nakagawasai O, Yaoita F, Tadano T, Tan-No K. 

Involvement of p38 MAPK activation mediated through AT1 receptors on spinal 

astrocytes and neurons in angiotensin II- and III-induced nociceptive behavior in 

mice. Neuropharmacology. 2015;99:221–231.  

120.  Arce ME, Sanchez S, Seltzer A, Ciuffo GM. Autoradiographic localization of 

angiotensin II receptors in developing rat cerebellum and brainstem. Regul Pept. 

2001;99(1):53–60.  

121.  McKinley MJ, Albiston AL, Allen AM, Mathai ML, May CN, McAllen RM, 

Oldfield BJ, Mendelsohn FAO, Chai SY. The brain renin-angiotensin system: 

Location and physiological roles. Vol. 35, International Journal of Biochemistry 

and Cell Biology. 2003. p. 901–918.  

122.  Hafko R, Villapol S, Nostramo R, Symes A, Sabban EL, Inagami T, Saavedra JM. 

Commercially Available Angiotensin II At2 Receptor Antibodies Are Nonspecific. 

PLoS One. 2013;8(7).  

123.  Shepherd AJ, Copits BA, Mickle AD, Karlsson P, Kadunganattil S, Haroutounian 

S, Tadinada SM, De Kloet AD, Valtcheva M V., McIlvried LA, Sheahan TD, Jain 

S, Ray PR, Usachev YM, Dussor G, Krause EG, Price TJ, Gereau RW, Mohapatra 

DP. Angiotensin II triggers peripheral macrophage-to-sensory neuron redox 

crosstalk to elicit pain. J Neurosci. 2018;38(32):7032–7057.  

124.  Lucius R, Gallinat S, Rosenstiel P, Herdegen T, Sievers J, Unger T. The 

angiotensin II type 2 (AT2) receptor promotes axonal regeneration in the optic 

nerve of adult rats. J Exp Med. 1998;188(4):661–670.  

125.  Gallinat S, Yu M, Dorst A, Unger T, Herdegen T. Sciatic nerve transection evokes 

lasting up-regulation of angiotensin AT2 and AT1 receptor mRNA in adult rat 



81 

 

dorsal root ganglia and sciatic nerves. Mol Brain Res. 1998;57(1):111–122.  

126.  Kaur S, Bali A, Singh N, Jaggi AS. Demystifying the dual role of the angiotensin 

system in neuropathic pain. Neuropeptides [Internet]. 2022;94:102260. Available 

from: https://www.sciencedirect.com/science/article/pii/S014341792200035X 

127.  Kaneko S, Mori A, Tamura S, Satoh M, Takagi H. Intracerebroventricular 

administration of angiotensin II attenuates morphine-induced analgesia in mice. 

Neuropharmacology. 1985;24(11):1131–1134.  

128.  Shimamura M, Kawamuki K, Hazato T. Angiotensin III: A Potent Inhibitor of 

Enkephalin‐Degrading Enzymes and an Analgesic Agent. J Neurochem. 

1987;49(2):536–540.  

129.  Han NL, Luo F, Bian ZP, Han JS. Synergistic effect of cholecystokinin octapeptide 

and angiotensin II in reversal of morphine induced analgesia in rats. Pain. 

2000;85(3):465–469.  

130.  Cridland RA, Henry JL. Effects of intrathecal administration of neuropeptides on 

a spinal nociceptive reflex in the rat: VIP, galanin, CGRP, TRH, somatostatin and 

angiotensin II. Neuropeptides. 1988;11(1):23–32.  

131.  Yamada Y, Ohinata K, Lipkowski AW, Yoshikawa M. Angiotensin AT2 receptor 

agonists act as anti-opioids via EP3 receptor in mice. Peptides. 2009;30(4):735–

739.  

132.  Kalynovska N, Diallo M, Sotakova-Kasparova D, Palecek J. Losartan attenuates 

neuroinflammation and neuropathic pain in paclitaxel-induced peripheral 

neuropathy. J Cell Mol Med. 2020;24(14):7949–7958.  

133.  Haulica I, Neamtu C, Petrescu G. Possible opioid participation in the analgesic 

effects of the renin-angiotensin system. Rev Roum Morphol Physiol - Ser Physiol. 

1983;20(3):149–156.  

134.  Haulicǎ I, Neamtţu C, Stratone A, Petrescu G, Brǎnişteanu D, Roşca V, Slǎtineanu 

S. Evidence for the involvement of cerebral renin-angiotensin system (RAS) in 

stress analgesia. Pain. 1986;27(2):237–245.  

135.  Chen SR, Sweigart KL, Lakoski JM, Pan HL. Functional μ opioid receptors are 

reduced in the spinal cord dorsal horn of diabetic rats. Anesthesiology. 

2002;97(6):1602–1608.  

136.  Rojewska E, Wawrzczak-Bargiela A, Szucs E, Benyhe S, Starnowska J, Mika J, 



82 

 

Przewlocki R, Przewlocka B. Alterations in the Activity of Spinal and Thalamic 

Opioid Systems in a Mice Neuropathic Pain Model. Neuroscience. 2018;390:293–

302.  

137.  Mousa SA, Cheppudira BP, Shaqura M, Fischer O, Hofmann J, Hellweg R, Schäfer 

M. Nerve growth factor governs the enhanced ability of opioids to suppress 

inflammatory pain. Brain. 2007;130(2):502–513.  

138.  Mojaverian P, Swanson BN, Ferguson RK. Enalapril, a new nonsulfhydryl 

angiotensin converting enzyme inhibitor, does not potentiate morphine analgesia. 

Eur J Pharmacol. 1984;98(2):303–306.  

139.  Zhao W, Shen F, Yao J, Su S, Zhao Z. Angiotensin II receptor type 1 blocker 

candesartan improves morphine tolerance by reducing morphine‑induced 

inflammatory response and cellular activation of BV2 cells via the PPARγ/AMPK 

signaling pathway. Mol Med Rep [Internet]. 2022;26(4):318. Available from: 

https://doi.org/10.3892/mmr.2022.12834 

140.  Rosso AM. Poppy and Opium in Ancient Times : Remedy or Narcotic ? Biomed 

Int. 2010;1:81–87.  

141.  Alexander SPH, Christopoulos A, Davenport AP, Kelly E, Mathie A, Peters JA, 

Veale EL, Armstrong JF, Faccenda E, Harding SD, Pawson AJ, Southan C, Davies 

JA, Abbracchio MP, Alexander W, Al-hosaini K, Bäck M, Barnes NM, Bathgate 

R, Beaulieu JM, Bernstein KE, Bettler B, Birdsall NJM, Blaho V, Boulay F, 

Bousquet C, Bräuner-Osborne H, Burnstock G, Caló G, Castaño JP, Catt KJ, Ceruti 

S, Chazot P, Chiang N, Chini B, Chun J, Cianciulli A, Civelli O, Clapp LH, 

Couture R, Csaba Z, Dahlgren C, Dent G, Singh KD, Douglas SD, Dournaud P, 

Eguchi S, Escher E, Filardo EJ, Fong T, Fumagalli M, Gainetdinov RR, Gasparo 

M de, Gerard C, Gershengorn M, Gobeil F, Goodfriend TL, Goudet C, Gregory 

KJ, Gundlach AL, Hamann J, Hanson J, Hauger RL, Hay DL, Heinemann A, 

Hollenberg MD, Holliday ND, Horiuchi M, Hoyer D, Hunyady L, Husain A, 

IJzerman AP, Inagami T, Jacobson KA, Jensen RT, Jockers R, Jonnalagadda D, 

Karnik S, Kaupmann K, Kemp J, Kennedy C, Kihara Y, Kitazawa T, Kozielewicz 

P, Kreienkamp HJ, Kukkonen JP, Langenhan T, Leach K, Lecca D, Lee JD, 

Leeman SE, Leprince J, Li XX, Williams TL, Lolait SJ, Lupp A, Macrae R, 

Maguire J, Mazella J, McArdle CA, Melmed S, Michel MC, Miller LJ, Mitolo V, 



83 

 

Mouillac B, Müller CE, Murphy P, Nahon JL, Ngo T, Norel X, Nyimanu D, 

O’Carroll AM, Offermanns S, Panaro MA, Parmentier M, Pertwee RG, Pin JP, 

Prossnitz ER, Quinn M, Ramachandran R, Ray M, Reinscheid RK, Rondard P, 

Rovati GE, Ruzza C, Sanger GJ, Schöneberg T, Schulte G, Schulz S, Segaloff DL, 

Serhan CN, Stoddart LA, Sugimoto Y, Summers R, Tan VP, Thal D, Thomas W, 

Timmermans PBMWM, Tirupula K, Tulipano G, Unal H, Unger T, Valant C, 

Vanderheyden P, Vaudry D, Vaudry H, Vilardaga JP, Walker CS, Wang JM, Ward 

DT, Wester HJ, Willars GB, Woodruff TM, Yao C, Ye RD. THE CONCISE 

GUIDE TO PHARMACOLOGY 2021/22: G protein-coupled receptors. Br J 

Pharmacol. 2021;178(S1):S27–S156.  

142.  Delfs JM, Kong H, Mestek A, Chen Y, Yu L, Reisine T, Chesselet M ‐F. 

Expression of Mu opioid receptor mRNA in rat brain: An in situ hybridization 

study at the single cell level. J Comp Neurol. 1994;345(1):46–68.  

143.  Sim LJ, Childers SR. Anatomical distribution of mu, delta, and kappa opioid- and 

nociceptin/orphanin FQ-stimulated [35S]guanylyl-5,-O-(γ-thio)-triphosphate 

binding in guinea pig brain. J Comp Neurol. 1997;386(4):562–572.  

144.  Erbs E, Faget L, Scherrer G, Matifas A, Filliol D, Vonesch JL, Koch M, Kessler 

P, Hentsch D, Birling MC, Koutsourakis M, Vasseur L, Veinante P, Kieffer BL, 

Massotte D. A mu–delta opioid receptor brain atlas reveals neuronal co-occurrence 

in subcortical networks. Brain Struct Funct. 2015;220(2):677–702.  

145.  Corder G, Castro DC, Bruchas MR, Scherrer G. Endogenous and exogenous 

opioids in pain. Vol. 41, Annual Review of Neuroscience. 2018. p. 453–473.  

146.  Arvidsson U, Riedl M, Chakrabarti S, Lee JH, Nakano AH, Dado RJ, Loh HH, 

Law PY, Wessendorf MW, Elde R. Distribution and targeting of a μ-opioid 

receptor (MOR1) in brain and spinal cord. J Neurosci. 1995;15(5 I):3328–3341.  

147.  Besse D, Lombard MC, Zajac JM, Roques BP, Besson JM. Pre- and postsynaptic 

distribution of μ, δ and κ opioid receptors in the superficial layers of the cervical 

dorsal horn of the rat spinal cord. Brain Res. 1990;521(1–2):15–22.  

148.  Hohmann AG, Briley EM, Herkenham M. Pre- and postsynaptic distribution of 

cannabinoid and mu opioid receptors in rat spinal cord. Brain Res. 1999;822(1–

2):17–25.  

149.  Zhang X, Bao L, Shi TJ, Ju G, Elde R, Hökfelt T. Down-regulation of μ-opioid 



84 

 

receptors in rat and monkey dorsal root ganglion neurons and spinal cord after 

peripheral axotomy. Neuroscience. 1997 Jan;82(1):223–240.  

150.  Harada H, Ueda H, Wada Y, Katada T, Ui M, Satoh M. Phosphorylation of μ-

opioid receptors - a putative mechanism of selective uncoupling of receptor - Gi 

interaction, measured with low-Km CTPase and nucleotide-sensitive agonist 

binding. Neurosci Lett. 1989;100(1–3):221–226.  

151.  Harada H, Ueda H, Katada T, Ui M, Satoh M. Phosphorylated μ-opioid receptor 

purified from rat brains lacks functional coupling with Gi1, a GTP-binding protein 

in reconstituted lipid vesicles. Neurosci Lett. 1990;113(1):47–49.  

152.  Pak Y, O’Dowd BF, George SR. Agonist-induced desensitization of the μ opioid 

receptor is determined by threonine 394 preceded by acidic amino acids in the 

COOH-terminal tail. J Biol Chem. 1997;272(40):24961–24965.  

153.  Afify EA, Law PY, Riedl M, Elde R, Loh HH. Role of carboxyl terminus of μ- and 

δ-opioid receptor in agonist -induced down-regulation. Mol Brain Res. 

1998;54(1):24–34.  

154.  Doll C, Pöll F, Peuker K, Loktev A, Glück L, Schulz S. Deciphering μ-opioid 

receptor phosphorylation and dephosphorylation in HEK293 cells. Br J Pharmacol 

[Internet]. 2012 Nov 1 [cited 2023 Jun 1];167(6):1259–1270. Available from: 

https://onlinelibrary.wiley.com/doi/full/10.1111/j.1476-5381.2012.02080.x 

155.  Doll C, Konietzko J, Pöll F, Koch T, Höllt V, Schulz S. Agonist-selective patterns 

of μ-opioid receptor phosphorylation revealed by phosphosite-specific antibodies. 

Br J Pharmacol. 2011;164(2):298–307.  

156.  Ferguson SSG. Evolving concepts in G protein-coupled receptor endocytosis: The 

role in receptor desensitization and signaling. Vol. 53, Pharmacological Reviews. 

2001. p. 1–24.  

157.  Alvarez VA, Arttamangkul S, Dang V, Salem A, Whistler JL, Von Zastrow M, 

Grandy DK, Williams JT. μ-opioid receptors: Ligand-dependent activation of 

potassium conductance, desensitization, and internalization. J Neurosci. 

2002;22(13):5769–5776.  

158.  Ueda H, Ueda M. Mechanisms underlying morphine analgesic tolerance and 

dependence. Front Biosci. 2009;14(14):5260–5272.  

159.  Bailey CP, Oldfield S, Llorente J, Caunt CJ, Teschemacher AG, Roberts L, 



85 

 

McArdle CA, Smith FL, Dewey WL, Kelly E, Henderson G. Involvement of PKCα 

and G-protein-coupled receptor kinase 2 in agonist-selective desensitization of μ-

opioid receptors in mature brain neurons. Br J Pharmacol. 2009;158(1):157–164.  

160.  Bailey CP, Llorente J, Gabra BH, Smith FL, Dewey WL, Kelly E, Henderson G. 

Role of protein kinase C and μ-opioid receptor (MOPr) desensitization in tolerance 

to morphine in rat locus coeruleus neurons. Eur J Neurosci. 2009;29(2):307–318.  

161.  Mousa SA, Shaqura M, Winkler J, Khalefa BI, Al-Madol MA, Shakibaei M, 

Schulz S, Schäfer M. Protein kinase C-mediated mu-opioid receptor 

phosphorylation and desensitization in rats, and its prevention during early 

diabetes. Pain. 2016;157(4):910–921.  

162.  Koch T, Widera A, Bartzsch K, Schulz S, Brandenburg LO, Wundrack N, Beyer 

A, Grecksch G, Höllt V. Receptor endocytosis counteracts the development of 

opioid tolerance. Mol Pharmacol. 2005;67(1):280–287.  

163.  Kim JA, Bartlett S, He L, Nielsen CK, Chang AM, Kharazia V, Waldhoer M, Ou 

CJ, Taylor S, Ferwerda M, Cado D, Whistler JLL. Morphine-Induced Receptor 

Endocytosis in a Novel Knockin Mouse Reduces Tolerance and Dependence. Curr 

Biol. 2008;18(2):129–135.  

164.  Zhang J, Ferguson SSG, Barak LS, Bodduluri SR, Laporte SA, Law PY, Caron 

MG. Role for G protein-coupled receptor kinase in agonist-specific regulation of 

μ-opioid receptor responsiveness. Proc Natl Acad Sci U S A. 1998;95(12):7157–

7162.  

165.  Kelly E, Conibear A, Henderson G. Biased Agonism: Lessons from Studies of 

Opioid Receptor Agonists. Vol. 63, Annual Review of Pharmacology and 

Toxicology. 2023. p. 491–515.  

166.  Conibear AE, Kelly E. A biased view of μ-Opioid receptors? Vol. 96, Molecular 

Pharmacology. 2019.  

167.  Trujillo KA. Are NMDA receptors involved in opiate-induced neural and 

behavioral plasticity? A review of preclinical studies. Vol. 151, 

Psychopharmacology. 2000. p. 121–141.  

168.  Trujillo KA, Akil H. Inhibition of morphine tolerance and dependence by the 

NMDA receptor antagonist MK-801. Science (80- ). 1990;251(4989):85–87.  

169.  González P, Cabello P, Germany A, Norris B, Contreras E. Decrease of tolerance 



86 

 

to, and physical dependence on morphine by, glutamate receptor antagonists. Eur 

J Pharmacol. 1997;332(3).  

170.  Kest B, Mogil JS, Shamgar BE, Kao B, Liebeskind JC, Marek P. The NMDA 

receptor antagonist MK-801 protects against the development of morphine 

tolerance after intrathecal administration. Proc West Pharmacol Soc. 1993;36.  

171.  WEN ZH, WU GJ, HSU LC, CHEN WF, CHEN JY, SHUI HA, CHOU AK, 

WONG CS. N-Methyl-d-aspartate receptor antagonist MK-801 attenuates 

morphine tolerance and associated glial fibrillary acid protein up-regulation: a 

proteomic approach. Acta Anaesthesiol Scand [Internet]. 2008;52(4):499–508. 

Available from: https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1399-

6576.2008.01605.x 

172.  Matsushita Y, Omotuyi I, Mukae T, Ueda H. Microglia Activation Precedes the 

Anti-Opioid BDNF and NMDA Receptor Mechanisms Underlying Morphine 

Analgesic Tolerance. Curr Pharm Des. 2014;19(42):7355–7361.  

173.  Jokinen V, Sidorova Y, Viisanen H, Suleymanova I, Tiilikainen H, Li Z, Lilius 

TO, Mätlik K, Anttila JE, Airavaara M, Tian L, Rauhala P V., Kalso EA. 

Differential Spinal and Supraspinal Activation of Glia in a Rat Model of Morphine 

Tolerance. Neuroscience. 2018;375:10–24.  

174.  Aceves M, Terminel MN, Okoreeh A, Aceves AR, Gong YM, Polanco A, Sohrabji 

F, Hook MA. Morphine increases macrophages at the lesion site following spinal 

cord injury: Protective effects of minocycline. Brain Behav Immun. 2019;79:125–

138.  

175.  Xiao L, Han X, Wang X e., Li Q, Chen Y, Cui Y, Chen Y. Cathepsin S in the spinal 

microglia facilitates morphine-induced antinociceptive tolerance in rats. Neurosci 

Lett. 2019;690:225–231.  

176.  Yang Y, Sun Y, Hu R, Yan J, Wang Z, Li W, Jiang H. Morphine promotes 

microglial activation by upregulating the EGFR/ERK signaling pathway. PLoS 

One. 2021;16(9 September 2021).  

177.  Reiss D, Maduna T, Maurin H, Audouard E, Gaveriaux-Ruff C. Mu opioid 

receptor in microglia contributes to morphine analgesic tolerance, hyperalgesia, 

and withdrawal in mice. J Neurosci Res. 2022;100(1):203–219.  

178.  Watanabe T, Yamamoto T, Abe Y, Saito N, Kumagai T, Kayama H. Differential 



87 

 

activation of microglia after experimental spinal cord injury. J Neurotrauma. 

1999;16(3):255–265.  

179.  Shan S, Hong C, Mei H, Ting-Ting L, Hai-Li P, Zhi-Qi Z, Yu-Qiu Z. New evidence 

for the involvement of spinal fractalkine receptor in pain facilitation and spinal 

glial activation in rat model of monoarthritis. Pain. 2007;129(1–2):64–75.  

180.  Lu Y, Zheng J, Xiong L, Zimmermann M, Yang J. Spinal cord injury-induced 

attenuation of GABAergic inhibition in spinal dorsal horn circuits is associated 

with down-regulation of the chloride transporter KCC2 in rat. J Physiol. 

2008;586(23):5701–5715.  

181.  Wen YR, Tan PH, Cheng JK, Liu YC, Ji RR. Microglia: A promising target for 

treating neuropathic and postoperative pain, and morphine tolerance. Vol. 110, 

Journal of the Formosan Medical Association. 2011. p. 487–494.  

182.  Clark AK, Malcangio M. Fractalkine/CX3CR1 signaling during neuropathic pain. 

Front Cell Neurosci. 2014;8(MAY).  

183.  Li WW, Guo TZ, Shi X, Sun Y, Wei T, Clark DJ, Kingery WS. Substance P spinal 

signaling induces glial activation and nociceptive sensitization after fracture. 

Neuroscience. 2015;310:73–90.  

184.  Poniatowski ŁA, Wojdasiewicz P, Krawczyk M, Szukiewicz D, Gasik R, 

Kubaszewski Ł, Kurkowska-Jastrzębska I. Analysis of the Role of CX3CL1 

(Fractalkine) and Its Receptor CX3CR1 in Traumatic Brain and Spinal Cord 

Injury: Insight into Recent Advances in Actions of Neurochemokine Agents. Vol. 

54, Molecular Neurobiology. 2017. p. 2167–2188.  

185.  Li WW, Irvine KA, Sahbaie P, Guo TZ, Shi XY, Tawfik VL, Kingery WS, Clark 

JD. Morphine Exacerbates Postfracture Nociceptive Sensitization, Functional 

Impairment, and Microglial Activation in Mice. Anesthesiology. 

2019;130(2):292–308.  

186.  Jia D, Liu G, Sun Y, Hu Z, Huang Z, Huang C. Trifluoro-icaritin ameliorates 

spared nerve injury-induced neuropathic pain by inhibiting microglial activation 

through α7nAChR-mediated blockade of BDNF/TrkB/KCC2 signaling in the 

spinal cord of rats. Biomed Pharmacother. 2023;157.  

187.  Gabra BH, Merino VF, Bader M, Pesquero JB, Sirois P. Absence of diabetic 

hyperalgesia in bradykinin B1 receptor-knockout mice. Regul Pept. 2005;127(1–



88 

 

3):245–248.  

188.  Talbot S, Chahmi E, Dias JP, Couture R. Key role for spinal dorsal horn microglial 

kinin B1receptor in early diabetic pain neuropathy. J Neuroinflammation. 2010;7.  

189.  Talbot S, Couture R. Emerging role of microglial kinin B1 receptor in diabetic pain 

neuropathy. Exp Neurol. 2012;234(2):373–381.  

190.  Wang D, Couture R, Hong Y. Activated microglia in the spinal cord underlies 

diabetic neuropathic pain. Vol. 728, European Journal of Pharmacology. 2014. p. 

59–66.  

191.  Morgenweck J, Griggs RB, Donahue RR, Zadina JE, Taylor BK. PPARγ activation 

blocks development and reduces established neuropathic pain in rats. 

Neuropharmacology. 2013;70:236–246.  

192.  Trindade da Silva CA, Clemente-Napimoga JT, Abdalla HB, Basting RT, 

Napimoga MH. Peroxisome proliferator-activated receptor-gamma (PPARγ) and 

its immunomodulation function: current understanding and future therapeutic 

implications. Vol. 15, Expert Review of Clinical Pharmacology. 2022. p. 295–303.  

193.  Habibi-Asl B, Hassanzadeh K, Charkhpour M. Central administration of 

minocycline and riluzole prevents morphine-induced tolerance in rats. Anesth 

Analg. 2009;109(3):936–942.  

194.  Guasti L, Richardson D, Jhaveri M, Eldeeb K, Barrett D, Elphick MR, Alexander 

SPH, Kendall D, Michael GJ, Chapman V. Minocycline Treatment Inhibits 

Microglial Activation and Alters Spinal Levels of Endocannabinoids in a Rat 

Model of Neuropathic Pain. Mol Pain. 2009;5.  

195.  Mohammadzadeh A, Lakatos PP, Balogh M, Zádor F, Karádi DÁ, Zádori ZS, 

Király K, Galambos AR, Barsi S, Riba P, Benyhe S, Köles L, Tábi T, Szökő É, 

Harsing LG, Al-Khrasani M. Pharmacological evidence on augmented 

antiallodynia following systemic co-treatment with glyt-1 and glyt-2 inhibitors in 

rat neuropathic pain model. Int J Mol Sci. 2021;22(5):1–15.  

196.  Seltzer Z, Dubner R, Shir Y. A novel behavioral model of neuropathic pain 

disorders produced in rats by partial sciatic nerve injury. Pain [Internet]. 1990 Nov 

[cited 2018 Oct 6];43(2):205–218. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/1982347 

197.  Lakatos PP, Karádi DÁ, Galambos AR, Essmat N, Király K, Laufer R, Geda O, 



89 

 

Zádori ZS, Tábi T, Al-Khrasani M, Szökő É. The Acute Antiallodynic Effect of 

Tolperisone in Rat Neuropathic Pain and Evaluation of Its Mechanism of Action. 

Int J Mol Sci [Internet]. 2022;23(17). Available from: 

https://www.mdpi.com/1422-0067/23/17/9564 

198.  Balogh M, Zádori ZS, Lázár B, Karádi D, László S, Mousa SA, Hosztafi S, Zádor 

F, Riba P, Schäfer M, Fürst S, Al-Khrasani M. The Peripheral Versus Central 

Antinociception of a Novel Opioid Agonist: Acute Inflammatory Pain in Rats. 

Neurochemical Research [Internet]. 2018 Jun 3 [cited 2018 Sep 3];1–8. Available 

from: http://link.springer.com/10.1007/s11064-018-2542-7 

199.  Kiraly K, Caputi FF, Hanuska A, Kató E, Balogh M, Köles L, Palmisano M, Riba 

P, Hosztafi S, Romualdi P, Candeletti S, Ferdinandy P, Fürst S, Al-Khrasani M. A 

new potent analgesic agent with reduced liability to produce morphine tolerance. 

Brain Res Bull. 2015 Aug;117:32–38.  

200.  Madia PA, Navani DM, Yoburn BC. [35S]GTPγS binding and opioid tolerance 

and efficacy in mouse spinal cord. Pharmacol Biochem Behav. 2012;101(1):155–

165.  

201.  Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, 

Preibisch S, Rueden C, Saalfeld S, Schmid B, Tinevez JY, White DJ, Hartenstein 

V, Eliceiri K, Tomancak P, Cardona A. Fiji: An open-source platform for 

biological-image analysis. Vol. 9, Nature Methods. 2012. p. 676–682.  

202.  Jakó T, Szabó E, Tábi T, Zachar G, Csillag A, Szöko É. Chiral analysis of amino 

acid neurotransmitters and neuromodulators in mouse brain by CE-LIF. 

Electrophoresis. 2014 Oct;35(19):2870–2876.  

203.  Oliveira ALR, Hydling F, Olsson E, Shi T, Edwards RH, Fujiyama F, Kaneko T, 

Hökfelt T, Cullheim S, Meister B. Cellular localization of three vesicular glutamate 

transporter mRNAs and proteins in rat spinal cord and dorsal root ganglia. 

Synapse. 2003;50(2):117–129.  

204.  Wang HS, Yu G, Wang ZT, Yi SP, Su R Bin, Gong ZH. Changes in VGLUT1 and 

VGLUT2 expression in rat dorsal root ganglia and spinal cord following spared 

nerve injury. Neurochem Int. 2016;99:9–15.  

205.  Hegazy N, Rezq S, Fahmy A. Mechanisms Involved in Superiority of Angiotensin 

Receptor Blockade over ACE Inhibition in Attenuating Neuropathic Pain Induced 



90 

 

in Rats. Neurotherapeutics. 2020;17(3):1031–1047.  

206.  Kim KJ, Yoon YW, Chung JM. Comparison of three rodent neuropathic pain 

models. Exp Brain Res. 1997;113(2):200–206.  

207.  Loram LC, Mitchell D, Skosana M, Fick LG. Tramadol is more effective than 

morphine and amitriptyline against ischaemic pain but not thermal pain in rats. 

Pharmacol Res. 2007;56(1):80–85.  

208.  Stein C. The Control of Pain in Peripheral Tissue by Opioids. N Engl J Med. 

1995;332(25):1685–1690.  

209.  Puehler W, Zöllner C, Brack A, Shaqura MA, Krause H, Schäfer M, Stein C. Rapid 

upregulation of μ opioid receptor mRNA in dorsal root ganglia in response to 

peripheral inflammation depends on neuronal conduction. Neuroscience. 

2004;129(2):473–479.  

210.  Oh SJJ, Fan X. The Possible Role of the Angiotensin System in the 

Pathophysiology of Schizophrenia: Implications for Pharmacotherapy. Vol. 33, 

CNS Drugs. 2019. p. 539–547.  

211.  Wincewicz D, Braszko JJ. Telmisartan attenuates cognitive impairment caused by 

chronic stress in rats. Pharmacol Reports. 2014;66(3):436–441.  

212.  Gohlke P, Weiss S, Jansen A, Wienen W, Stangier J, Rascher W, Culman J, Unger 

T. AT1 receptor antagonist telmisartan administered peripherally inhibits central 

responses to angiotensin II in conscious rats. J Pharmacol Exp Ther. 

2001;298(1):62–70.  

213.  Michel MC, Foster C, Brunner HR, Liu L. A systematic comparison of the 

properties of clinically used angiotensin II type 1 receptor antagonists. Vol. 65, 

Pharmacological Reviews. 2013. p. 809–848.  

214.  Konno S, Hirooka Y, Kishi T, Sunagawa K. Sympathoinhibitory effects of 

telmisartan through the reduction of oxidative stress in the rostral ventrolateral 

medulla of obesity-induced hypertensive rats. J Hypertens. 2012;30(10):1992–

1999.  

215.  Wang JM, Tan J, Leenen FHH. Central nervous system blockade by peripheral 

administration of AT1 receptor blockers. J Cardiovasc Pharmacol. 

2003;41(4):593–599.  

216.  Kakuta H, Kurosaki E, Niimi T, Gato K, Kawasaki Y, Suwa A, Honbou K, 



91 

 

Yamaguchi T, Okumura H, Sanagi M, Tomura Y, Orita M, Yonemoto T, Masuzaki 

H. Distinct properties of telmisartan on agonistic activities for peroxisome 

proliferator-activated receptor γ among clinically used angiotensin II receptor 

blockers: Drug-target interaction analyses. J Pharmacol Exp Ther. 

2014;349(4):10–20.  

217.  Wang J, Pang T, Hafko R, Benicky J, Sanchez-Lemus E, Saavedra JM. Telmisartan 

ameliorates glutamate-induced neurotoxicity: Roles of AT 1 receptor blockade and 

PPARγ activation. Neuropharmacology. 2014;79:249–261.  

218.  Kurtz TW. Treating the metabolic syndrome: Telmisartan as a peroxisome 

proliferator-activated receptor-gamma activator. Acta Diabetol. 2005;42(SUPPL. 

1).  

219.  Jiang C, Ting AT, Seed B. PPAR-γ agonists inhibit production of monocyte 

inflammatory cytokines. Nature. 1998;391(6662):82–86.  

220.  Pottorf TS, Rotterman TM, McCallum WM, Haley-Johnson ZA, Alvarez FJ. The 

Role of Microglia in Neuroinflammation of the Spinal Cord after Peripheral Nerve 

Injury. Vol. 11, Cells. 2022.  

221.  Li X, Guo Q, Ye Z, Wang E, Zou W, Sun Z, He Z, Zhong T, Weng Y, Pan Y. 

PPAR γ Prevents Neuropathic Pain by Down-Regulating CX3CR1 and 

Attenuating M1 Activation of Microglia in the Spinal Cord of Rats Using a Sciatic 

Chronic Constriction Injury Model. Front Neurosci. 2021;15.  

222.  De Guglielmo G, Kallupi M, Scuppa G, Stopponi S, Demopulos G, Gaitanaris G, 

Ciccocioppo R. Analgesic tolerance to morphine is regulated by PPARγ. Br J 

Pharmacol. 2014;171(23):5407–5416.  

223.  Schupp M, Lee LD, Frost N, Umbreen S, Schmidt B, Unger T, Kintscher U. 

Regulation of peroxisome proliferator - Activated receptor γ activity by losartan 

metabolites. In: Hypertension. 2006. p. 586–589.  

224.  Rossi GP. Losartan metabolite EXP3179: An AT1-receptor-independent treatment 

strategy for patients with the metabolic syndrome? Vol. 54, Hypertension. 2009. 

p. 710–712.  

225.  Dewey WL, Harris LS, Howes JF, Nuite JA. The effect of various neurohumoral 

modulators on the activity of morphine and the narcotic antagonists in the tail-flick 

and phenylquinone tests. J Pharmacol Exp Ther. 1970;175(2):435–442.  



92 

 

226.  Shimoyama M, Shimoyama N, Inturrisi CE, Elliott KJ. Gabapentin enhances the 

antinociceptive effects of spinal morphine in the rat tail-flick test. Pain. 

1997;72(3):375–382.  

227.  Kapadia R, Yi JH, Vemuganti R. Mechanisms of anti-inflammatory and 

neuroprotective actions of PPAR-gamma agonists. Vol. 13, Frontiers in 

Bioscience. 2008. p. 1813–1826.  

228.  Narita M, Suzuki M, Narita M, Niikura K, Nakamura A, Miyatake M, Yajima Y, 

Suzuki T. μ-Opioid receptor internalization-dependent and -independent 

mechanisms of the development of tolerance to μ-opioid receptor agonists: 

Comparison between etorphine and morphine. Neuroscience. 2006;138(2):609–

619.  

229.  Fukagawa H, Koyama T, Kakuyama M, Fukuda K. Microglial activation involved 

in morphine tolerance is not mediated by toll-like receptor 4. J Anesth. 

2013;27(1):93–97.  

230.  Fjelldal MF, Hadera MG, Kongstorp M, Austdal LPE, Šulović A, Andersen JM, 

Paulsen RE. Opioid receptor-mediated changes in the NMDA receptor in 

developing rat and chicken. Int J Dev Neurosci. 2019;78:19–27.  

231.  Yang CS, Kao JH, Huang EYK, Tao PL. The role of the NR2B subunit of NMDA 

receptors in morphine rewarding, drug seeking, and behavioral sensitization. J Med 

Sci. 2008;28(6):245–253.  

232.  Ahmadi S, Golbaghi H, Azizbeigi R, Esmailzadeh N. N-methyl-D-aspartate 

receptors involved in morphine-induced hyperalgesia in sensitized mice. Eur J 

Pharmacol. 2014;737:85–90.  

233.  Harris LD, Regan MC, Myers SJ, Nocilla KA, Akins NS, Tahirovic YA, Wilson 

LJ, Dingledine R, Furukawa H, Traynelis SF, Liotta DC. Novel GluN2B-Selective 

NMDA Receptor Negative Allosteric Modulator Possesses Intrinsic Analgesic 

Properties and Enhances Analgesia of Morphine in a Rodent Tail Flick Pain 

Model. ACS Chem Neurosci. 2023;14(5).  

234.  Guo R xian, Zhang M, Liu W, Zhao C mei, Cui Y, Wang C huai, Feng J qiang, 

Chen P xi. NMDA receptors are involved in upstream of the spinal JNK activation 

in morphine antinociceptive tolerance. Neurosci Lett. 2009;467(2):95–99.  

235.  Mao J, Price DD, Lu J, Mayer DJ. Antinociceptive tolerance to the mu-opioid 



93 

 

agonist DAMGO is dose- dependently reduced by MK-801 in rats. Neurosci Lett. 

1998;250(3).  

236.  Lefèvre Y, Amadio A, Vincent P, Descheemaeker A, Oliet SHR, Dallel R, Voisin 

DL. Neuropathic pain depends upon d-serine co-activation of spinal NMDA 

receptors in rats. Neurosci Lett. 2015;603.  

237.  Choi SR, Roh DH, Yoon SY, Choi HS, Kang SY, Han HJ, Beitz AJ, Lee JH. 

Astrocyte D-serine modulates the activation of neuronal NOS leading to the 

development of mechanical allodynia in peripheral neuropathy. Mol Pain. 2019;15.  

238.  Perez EJ, Tapanes SA, Loris ZB, Balu DT, Sick TJ, Coyle JT, Liebl DJ. Enhanced 

astrocytic d-serine underlies synaptic damage after traumatic brain injury. J Clin 

Invest. 2017;127(8):3114–3125.  

239.  Cao S, Xiao Z, Sun M, Li Y. D-serine in the midbrain periaqueductal gray 

contributes to morphine tolerance in rats. Mol Pain. 2016;12.  

 



94 

 

9. BIBLIOGRAPHY OF THE CANDIDATE’S PUBLICATIONS 

9.1. The publications of the candidate involved in the current thesis 

1. Kornél Király, Dávid Á Karádi, Ferenc Zádor, Amir Mohammadzadeh, Anna 

Rita Galambos, Mihály Balogh, Pál Riba, Tamás Tábi, Zoltán S Zádori, Éva 

Szökő, Susanna Fürst, Mahmoud Al-Khrasani, “Shedding light on the 

pharmacological interactions between µ-opioid analgesics and angiotensin 

receptor modulators: A new option for treating chronic pain,” Molecules, vol. 26, 

no. 20. 2021. doi: 10.3390/molecules26206168. IF: 4.927 

2. David Á Karádi, Anna Rita Galambos, Péter P Lakatos, Joost Apenberg, Sarah 

K Abbood, Mihály Balogh, Kornél Király, Pál Riba, Nariman Essmat, Edina 

Szűcs, Sándor Benyhe, Zoltán V Varga, Éva Szökő, Tamás Tábi, Mahmoud Al-

Khrasani, “Telmisartan Is a Promising Agent for Managing Neuropathic Pain and 

Delaying Opioid Analgesic Tolerance in Rats,” Int. J. Mol. Sci., vol. 24, no. 9, 

2023, doi: 10.3390/ijms24097970. IF: 5.6 

9.2. The publications of the candidate not involved in the current thesis 

1. Mihály Balogh, Zoltán S Zádori, Bernadette Lázár, Dávid Á Karádi, Szilvia 

László, Shaaban A Mousa, Sándor Hosztafi, Ferenc Zádor, Pál Riba, Michael 

Schäfer, Susanna Fürst, Mahmoud Al-Khrasani, “The Peripheral Versus Central 

Antinociception of a Novel Opioid Agonist: Acute Inflammatory Pain in Rats,” 

Neurochemical Research, vol. 43, no. 6, pp. 1–8, Jun. 03, 2018. doi: 

10.1007/s11064-018-2542-7. IF: 2.782 

2. Mihály Balogh, Bence Kálmán Varga, Dávid Á Karádi, Pál Riba, Zita Puskár, 

Márk Kozsurek, Mahmoud Al-Khrasani, Kornél Király, “Similarity and 

dissimilarity in antinociceptive effects of dipeptidyl-peptidase 4 inhibitors, 

Diprotin A and vildagliptin in rat inflammatory pain models following spinal 

administration,” Brain Res. Bull., vol. 147, pp. 78–85, 2019, doi: 

10.1016/j.brainresbull.2019.02.001. IF: 3.370 



95 

 

3. Amir Mohammadzadeh, Péter P Lakatos, Mihály Balogh, Ferenc Zádor, Dávid Á 

Karádi, Zoltán S Zádori, Kornél Király, Anna Rita Galambos, Szilvia Barsi, Pál 

Riba, Sándor Benyhe, László Köles, Tamás Tábi, Éva Szökő, Laszlo G Harsing 

Jr, Mahmoud Al-Khrasani, “Pharmacological evidence on augmented 

antiallodynia following systemic co-treatment with glyt-1 and glyt-2 inhibitors in 

rat neuropathic pain model,” Int. J. Mol. Sci., vol. 22, no. 5, pp. 1–15, 2021, doi: 

10.3390/ijms22052479. IF: 6.208 

4. Péter P Lakatos, Dávid Á Karádi, Anna Rita Galambos, Nariman Essmat, Kornél 

Király, Rudolf Laufer, Orsolya Geda, Zoltán S Zádori, Tamás Tábi, Mahmoud 

Al-Khrasani, Éva Szökő, “The Acute Antiallodynic Effect of Tolperisone in Rat 

Neuropathic Pain and Evaluation of Its Mechanism of Action,” Int. J. Mol. Sci., 

vol. 23, no. 17, 2022, doi: 10.3390/ijms23179564. IF: 5.6 

5. Mahmoud Al-Khrasani, Dávid Á Karádi, Anna R Galambos, Beata Sperlagh, E 

Sylvester Vizi, “The Pharmacological Effects of Phenylephrine are Indirect, 

Mediated by Noradrenaline Release from the Cytoplasm,” Neurochem. Res., vol. 

47, no. 11, pp. 3272–3284, 2022, doi: 10.1007/s11064-022-03681-2. IF: 4.4 

6. Nariman Essmat, Anna Rita Galambos, Péter P Lakatos, Dávid Á Karádi, Amir 

Mohammadzadeh, Sarah Kadhim Abbood, Orsolya Geda, Rudolf Laufer, Kornél 

Király, Pál Riba, Zoltán S Zádori, Éva Szökő, Tamás Tábi, Mahmoud Al-

Khrasani, “Pregabalin–Tolperisone Combination to Treat Neuropathic Pain: 

Improved Analgesia and Reduced Side Effects in Rats,” Pharmaceuticals, vol. 

16, no. 8, 2023, doi: 10.3390/ph16081115. IF: 4.6 

7. Nariman Essmat, Dávid Á Karádi, Ferenc Zádor, Kornél Király, Susanna Fürst, 

Mahmoud Al-Khrasani, “Insights into the Current and Possible Future Use of 

Opioid Antagonists in Relation to Opioid-Induced Constipation and Dysbiosis,” 

Molecules, vol. 28, no. 23, 2023, doi: 10.3390/molecules28237766. IF: 4.6 

 

 



96 

 

10. ACKNOWLEDGEMENTS 

First and foremost, I would like to thank my supervisor, Mahmoud Al-Khrasani. 

His dedicated helpfulness, thoughtfulness and inspiring ideas have taught me an 

incredible amount over the years. 

The continuous support and friendship of Kornél Király, Pál Riba and Mihály 

Balogh is invaluable. I cherish our conversations and they will remain eternal 

experiences. 

I thank Júlia Timár for teaching me pharmacology in the first place and for her 

careful work in the finalisation of the present thesis. 

I am grateful for the support of Zoltán Varga, Zoltán Zádori and Prof. 

Zsuzsanna Fürst. 

For their devoted experimental work, I thank Anna Galambos, Nariman Essmat 

and Sarah Abbood. 

I thank Prof. Péter Ferdinandy, the head of the Department of Pharmacology 

and Pharmacotherapy. 

For their outstanding scientific, experimental work and partnership I would like 

to thank Prof. Sándor Benyhe, Edina Szűcs, Ferenc Zádor and their co-workers in the 

Biological Research Center, Institute of Biochemistry; Tamás Tábi, Prof. Éva Szökő, 

Péter Lakatos, and their co-workers in the Semmelweis University Department of 

Pharmacodynamics. 

I would like to thank our students for their exceptional work: Joost Apenberg, 

Imre Boldizsár, Zsófia Varga. 

I would like to thank all of my colleagues in the Semmelweis University 

Department of Pharmacology and Pharmacotherapy. 

I thank the financial support of Semmelweis University as “Semmelweis 250+ 

Kiválósági PhD Ösztöndíj” (EFOP-3.6.3-VEKOP-16-2017-00009) and ÚNKP-22-3-II-

SE-31 new national excellence program of the ministry for culture and innovation from 

the source of the national research, development and innovation fund and the Higher 

Education Institutional Excellence Programme of the Ministry of Human Capacities in 

Hungary, within the framework of the Neurology Thematic Programme of Semmelweis 

University (TKP 2021 EGA-25). 



molecules

Review

Shedding Light on the Pharmacological Interactions between
µ-Opioid Analgesics and Angiotensin Receptor Modulators:
A New Option for Treating Chronic Pain

Kornél Király 1,*,†, Dávid Á. Karádi 1,†, Ferenc Zádor 1,2, Amir Mohammadzadeh 1 , Anna Rita Galambos 1,
Mihály Balogh 1, Pál Riba 1, Tamás Tábi 2 , Zoltán S. Zádori 1 , Éva Szökő 2, Susanna Fürst 1
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Abstract: The current protocols for neuropathic pain management include µ-opioid receptor (MOR)
analgesics alongside other drugs; however, there is debate on the effectiveness of opioids. Nev-
ertheless, dose escalation is required to maintain their analgesia, which, in turn, contributes to a
further increase in opioid side effects. Finding novel approaches to effectively control chronic pain,
particularly neuropathic pain, is a great challenge clinically. Literature data related to pain transmis-
sion reveal that angiotensin and its receptors (the AT1R, AT2R, and MAS receptors) could affect the
nociception both in the periphery and CNS. The MOR and angiotensin receptors or drugs interacting
with these receptors have been independently investigated in relation to analgesia. However, the
interaction between the MOR and angiotensin receptors has not been excessively studied in chronic
pain, particularly neuropathy. This review aims to shed light on existing literature information in
relation to the analgesic action of AT1R and AT2R or MASR ligands in neuropathic pain conditions.
Finally, based on literature data, we can hypothesize that combining MOR agonists with AT1R or
AT2R antagonists might improve analgesia.

Keywords: µ-opioid analgesics; angiotensin receptors; chronic pain; neuropathic pain

1. Introduction

Among different types of chronic pain, neuropathic pain is defined by the Interna-
tional Association for the Study of Pain (IASP) as pain caused by a lesion or disease of
the somatosensory nervous system (IASP 2012). There are many available treatment ap-
proaches for the management of neuropathic pain. Yet, despite these advances, it remains
an unmet medical need because most of the treatment approaches intended to halt this
pain condition are not effective enough or sometimes effective but limited by side effects.
Thus, finding new targets and innovative future strategies that might help to improve
neuropathic pain control are of clinical need.

µ-Opioid receptor (MOR) agonists are the mainstay treatment for different forms of
chronic pain [1–4]. However, their efficacy in the management of neuropathic pain is a long-
standing question of debate. Yet, international guidelines restrict opioids to second- or third-
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line therapy, with no clear consensus on their effect [5–7]. MOR agonists with significantly
higher intrinsic efficacy than morphine produced acceptable analgesia in preclinical models
of neuropathic pain [8,9]; however, this has not been successfully utilized clinically because
clinical trials showed controversial results related to their efficacy and liability for side
effects [10–13]. In response to this argument, many studies have been conducted to increase
the efficacy and decrease the side effects of opioids when used in the management of
neuropathic pain. Some of the encouraging strategies that aim to improve the analgesic
effect and decrease the side effects of currently used analgesics, such as opioids, are based
on combining two or more different agents. However, so far, clinical research data that is
based on combination strategies have not met expectations [14]. Chaparro et al., reviewed
clinical trials on the efficacy and safety of various agent combinations for neuropathic
pain [14]. Their analysis revealed that the combination of opioids with gabapentin was
significantly better than gabapentin alone in reducing the symptoms. However, the number
of treated patients that was required for a single patient to benefit was still 9.5, and
significantly more participants experienced side effects and thus dropped out of the studies
with opioids plus gabapentin than with gabapentin alone [14]. On the other hand, studies
assessing the effects of opioids in combination with other sensory-sensitization blocking
agents could be of high clinical value. Thus, continuing preclinical research based on the
application of multi-target drugs or combination strategies that involve implementing
different agents might bring a new treatment option for neuropathic pain. In the former
case, for instance, applying opioid receptor ligands that display agonist and non-opioid
effects, such as tapentadol, display both the MOR agonist and norepinephrine reuptake
inhibitory effects in the same molecule [15]. Recently, our group reported on the promising
effect of the combination of glycine transporter 1 and 2 inhibitors in the management of
neuropathic pain evoked by sciatic nerve ligation [16]. In such a strategy, we need to
consider how the individual drugs affect pain transmission.

Accumulating evidence has proven that drugs affecting the renin–angiotensin system
can modulate pain transmission [17–34]. Recent studies have also shown that drugs mimic or
antagonize angiotensin type 1 and 2 (AT1R and AT2R) receptor-mediated actions do produce
a beneficial analgesic effect in rodent models of chronic pain types [17,20,22,28,29,35–38].
The analgesic effect of ligands affecting angiotensin receptors in neuropathic pain is ex-
plained by the contribution of these receptors to neuroregeneration and neuroprotection—
partially by reducing neural inflammatory processes [18,24,37,39–41]. Nevertheless, much
remains unclear regarding the role and clinical utility of these receptors in analgesia.

This review briefly highlights how the effect of MOR agonist-induced analgesia is
altered under neuropathic pain conditions, showing the advantages and drawbacks, as
well as principal factors that negatively impact the analgesic effect of MOR analgesics in
this pain entity. The next sections review the implication of angiotensin and its receptors in
chronic pain, particularly that associated with neuropathy, and also the neuroanatomical
overlap between MORs and angiotensin receptors in relation to pain. Finally, according to
the reviewed data, perspectives on the future drug combination-based research strategy
to treat neuropathic pain are provided. With respect to angiotensin IV and its receptor,
the presence of the peptide has been reported in human dorsal root ganglia (DRG) and
trigeminal nucleus (TG) [42,43]. However, there are little data related to their analgesic
effect. Thus, they will not be discussed in the present review.

2. The Opioid System and the µ-Opioid Receptor in Different Pain Entities

The opioid system is a physiological system for controlling pain, but it also participates
in addictive behaviors and immune defense, among others. Mammalian endogenous
opioid peptides and exogenous natural, semisynthetic and synthetic opioid agonists can
produce their effects through the activation of opioid receptors, namely µ-(MOR), δ-(DOR),
and κ-(KOR) opioid receptors. Opioid receptors belong to the class A G-proteins of the
pertussis toxin-sensitive Gi/Go family. Their effectors include adenylyl cyclase, N- and
L-type Ca2+ channels, and inwardly rectifying K+ channels. Upon activation, adenylyl
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cyclase and Ca2+ channels are inhibited, whereas K+ channels are activated. Thus, both
the limitation of Ca2+ entry and the hyperpolarization of the cells may give a tenable
explanation for the inhibition of transmitter release at pain traffic points [44,45]. With
respect to pain, central MORs are the principal target for mediating the analgesic effects of
opioids. As in MOR-knockout mice, selective MOR agonists failed to produce analgesia as
well as MOR-induced opioid side effects, such as respiratory depression, gastrointestinal
transit inhibition, and addiction liability [46,47]. Since the identification of functional
peripheral MORs, it has become obvious that the analgesic effects of opioids do not
solely depend on MORs at the central nervous system (CNS) [48]. It is worth noting that
achieving peripheral analgesia requires prerequisite factors that are related both to the
physicochemical properties of opioid analgesics (limited CNS penetration) and pain entity.
In the case of the latter, the pathological state of pain largely reflects the effects of opioid
analgesics. In inflammatory or acute non-inflammatory pain, MORs number is increased
or maintained at normal level, respectively [9,48–50]. Several opioid researchers have
proven that functional MORs in the periphery are targetable, particularly in inflammatory
pain types [51–54]. However, under neuropathic pain conditions, several studies have
demonstrated the downregulation of MORs in the dorsal spinal cord and DRG [9,55]. The
efficacy of currently available MOR agonists in neuropathic pain is a question of debate.
Taken together, in cases of acute or inflammatory pain types, opioid analgesics can provide
adequate pain control, which is somewhat hampered by above mentioned unwanted effects.
However, in the case of neuropathic pain, the desired analgesia itself is often unachievable,
consequently demanding dose-escalation, therefore causing more pronounced side effects
(Figure 1A) (Karádi and Al-Khrasani, unpublished data) and (Figure 1B) (adopted from
our previous work [16]).

Figure 1. (A) The analgesic effect of morphine measured on a dynamic plantar aesthesiometer (DPA)
test at 30 min, after s.c. administration to mononeuropathic animals. Columns represent the paw
withdrawal threshold of the animals in grams ± S.E.M. Asterisks indicate the significant differences
between treatment groups or operated (R) and non-operated (L) hind paws (* p < 0.05; *** p < 0.001
and **** p < 0.0001). Statistical differences were determined with one-way ANOVA and Tukey
post-hoc test. Data represent means ± S.E.M (n = 5–12 per group). (Karádi, D.Á.; Al-Khrasani, M.;
unpublished data). (B) Effect of the systemic administration of morphine to the motor function of
rats. Columns represent the time latency of the animals in sec ± S.E.M. at 30 min post-treatment in
the rotarod test. Asterisks indicate the significant differences compared to the saline group (one-way
ANOVA, Newman–Keuls post-hoc test; *** p < 0.001). In each treatment group, 4–7 animals were
used. These results were adopted from our previous work [16].
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For restoring the effect of opioids in neuropathic pain, many attempts have been
focused on the mechanisms related to changes in the number of functional MORs on sensory
neurons in subjects with painful neuropathy. In our and other studies carried out in rats
with neuropathic pain induced either by streptozotocin (STZ) or chronic constriction injury
(CCI), the number of MORs was found to be decreased in DRG and spinal tissue [9,56,57].
This reduction in MOR number was accompanied by a decrease in the analgesic effects
of opioids.

3. Angiotensin Receptor Mimetics and Antagonists in Relation to Pain
3.1. Endogenous Angiotensin Ligands and Angiotensin Receptors

Components of the renin–angiotensin system (RAS) have been previously reviewed
or discussed extensively [19,24,58–64]. Nevertheless, the main findings are briefly sum-
marized here for an overview. Among the endogenous peptides of the RAS, neuronal
angiotensin II (Ang II) is the most significant in relation to pain. Ang II is an octapeptide
derived from the inactive precursor angiotensinogen, which is initially cleaved by renin,
resulting in the inactive intermediate angiotensin I (Ang I). Ang II is cleaved from Ang
I by the angiotensin-converting enzyme 1 (ACE1). Ang II equally binds to and activates
the AT1R and AT2R (see later on). Another relevant endogenous peptide of the RAS to
this review is angiotensin 1-7 (Ang (1-7)), which is cleaved by the angiotensin-converting
enzyme 2 (ACE2) from Ang II or by ACE1 from Ang I via the intermediate angiotensin 1-9.
Ang (1-7) activates the Ang (1-7) receptor or MAS receptor, but it can also bind with lower
affinity to AT2R.

There are four angiotensin receptor types known so far within the RAS; namely
angiotensin II type 1 and 2 receptors, the angiotensin IV receptor, and the Ang (1-7) receptor
or MAS receptor (abbreviated as AT1R, AT2R, AT4R, and AT7R or MASR, respectively).
Additionally, in mice and rats, two AT1R isoforms have been identified, namely AT1aR and
AT1bR [65,66]. In relation to the RAS, this review will focus on data of AT1R, AT2R, and
MASR, with respect to pain, particularly from preclinical studies. They all belong to the
rhodopsin-like G-protein coupled receptor family (GPCR); however, they differ significantly
in terms of activation of signaling pathways and cellular and tissue distribution patterns.
The latter will be discussed in detail in a separate section. The AT1R is a prime example
of a GPCR that upon activation can be dependent and independent from heterotrimeric
G-proteins, allowing the receptor to have a wide range of signaling responses to Ang II.
In terms of G-protein dependent signaling pathways, the AT1R couples to multiple types
of Gα, (Gq/11, Gi, G12, and G13), but it also includes the activation of small G-proteins.
G-protein independent signaling of AT1R involves β-arrestin 1 and 2, tyrosine kinase-
related signaling, reactive oxygen species signaling, receptor-interacting scaffold proteins,
or heterodimerization with AT2R or MASR. In the case of AT2R, signaling pathways are still
not fully elucidated, in spite of the intensive research. In fact, it is one of the least understood
areas of the renin–angiotensin system. Most interestingly, it fails to demonstrate classic
GPCR signaling features, such as affecting second messengers (e.g., cAMP, diacylglycerol)
or the lack of phosphorylation-induced receptor desensitization, or internalization in most
tissue types. However, it has been proven that AT2R is sensitive to GTPγS and pertussis
toxin in rat locus coeruleus, indicating Gi/o coupling [67]. AT2R can also stimulate protein
phosphatases and nitric oxide production. In addition, AT2R mediates the inactivation of
mitogen-activated protein kinase (MAPK) inhibition which is important in the induction of
apoptosis [60,67]. The AT2R and Ang II interaction leads to neurite formation and growth
via the modulation of polymerized β-tubulin, microtubule-associated proteins (MAP),
the activation of the p42/p44 MAPK phosphorylation of trkA. MASR, similar to AT1R
and AT2R, can couple to many downstream signaling pathways via Ang (1-7) activation.
These include the activation of phospholipase C and A2, arachidonic acid release, or
calcium-independent nitric oxide synthase activation. MASR also modulates several
kinase-related pathways/effectors, such as the p38 MAPK, ERK1/2, phosphatidylinositol
3-kinase/Akt, RhoA, and cAMP/PKA, in different cell lines. MASR was also demonstrated
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to constitutively couple to Gαi, Gαq, and Gα12/13 [63]. On the other hand, similar to
AT2R, in most cases, MASR fails to induce the conventional G-protein mediated signaling
response, defined by the levels of classical second messengers, such Ca2+, or inositol
trisphosphate (IP3), despite belonging to the GPCR family.

3.2. AT1 and AT2 Receptor Agonists

Following the discovery of the neuronal RAS, numerous studies have reported on the
implication of AT1R/AT2R agonists on nociception [27,30,33,68–76]. In spite of the high
number of studies conducted, literature data remain highly controversial. Some publica-
tions describe the analgesic activity of AngII, AngIII, or renin on acute pain tests following
central (intracerebroventricular [27,69,71,72,76] or intrathecal [33]) administration. These
reports proposed different possible mechanisms of action behind the observed effects.
Many of them indicate the role of the endogenous opioid system as the analgesic activity of
test compounds was naloxone-sensitive [27,33,69,71,72]. Next, Shimamura et al., suggested
a kinetic interaction between AngIII and met-enkephalin, namely the inhibition of cleavage
of the latter [71]. Georgieva et al., found that AngII administered intracerebroventricularly
(icv.) produced an antinociceptive effect in the acetic-acid writhing pain model, yet the
AngII-induced antinociception was blocked by PD123319, an AT2R selective antagonist
but not by losartan, an AT1R antagonist [75]. In this study, the authors concluded that
AT2Rs but not AT1Rs are involved in the mechanism behind the analgesic action in acute
inflammatory pain. Since then, studies assessing the effects of RAS peptides (angiotensino-
gen, AngI, AngII, or AngIII) microinjected into different regions of the periaqueductal gray
(PAG) were conducted in rats. In these studies, all test peptides were proven to be anal-
gesic on the tail-flick assay, and their effect was AT1R or AT2R antagonist reversible [77].
Another observation is that spontaneously hypertensive rats show longer latency on the
hot plate but not on the tail-flick test, when compared to wild-type animals. Moreover, this
increase in latency can be reversed by orally administered captopril or losartan, but not by
antihypertensive agents which are acting on targets other than the RAS [73]. In contrast to
the above-mentioned studies, Cridland et al., reported that AngII failed to show either anti-
or pronociceptive effect [72]. However, at present, we cannot judge this issue because, to
the best of our knowledge, there is no other study that supports Cridland’s observations.
It is also worth considering the article of Pavel et al., which examined the effect of AngII
and losartan in rats undergoing CCI. In these animals, intraperitoneal AngII was found to
be pronociceptive in the von Frey test (mechanical stimuli), constant hot- and cold-plate
tests and decremental cold plate test (thermal stimuli). Losartan fully reversed the effect of
AngII in case of mechanical stimuli, partially reversed it in case of constant cold-plate test,
but further aggravated it in the decremental cold plate test. In the incremental hot plate
test, the pain threshold was unchanged both following AngII or AngII + losartan admin-
istration [78]. The differences observed in this study between the effect of angiotensin in
response to constant or decremental/incremental thermal stimuli is difficult to explain.

Further on, the direct pronociceptive activity of AngII and AngIII was described as
spontaneous painful behavior (scratching) was observed following intrathecal administra-
tion [40,41]. It is worth noting that the study of Cridland et al., showed neither anti- nor
pronociceptive action of AngII, whereas Nemoto and coworkers reported a pronociceptive
action. Despite the similar administration route, the phenotype of the animals, as well
as the dose applied, was different in these studies [40,41,73]. Therefore, further studies
are needed to elucidate the effect of AngII at the spinal level. Indirectly supporting the
pronociceptive action of AngII, Kaneko et al., reported icv. administered AngII to attenu-
ate the analgesic activity of morphine in a dose-dependent manner in hot plate and tail
pinch tests [69]. Similarly, Yamada et al., found that icv. administrated AngII or the AT2R
agonist novokin decreased the antinociceptive effect of morphine in the tail-pinch test [79].
Shepherd et al., also reported an increased mechanical but not thermal allodynia following
intraplantar AngII administration in mice after spared nerve injury (SNI) [80].
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There is large literature data on neural regeneration and differentiation mediated by
the AT2R, which were recently reviewed by Danigo et al. [24]. From this aspect, activating
the AT2R induces positive changes in terms of neural injury. This neuroprotective action
linked to the AT2R has been associated with an increase in neuronal BDNF expression by
several reports. The AT2R agonist “compound 21” (C21) has been reported to increase neu-
rite growth following spinal nerve injury [81] and to improve survival while attenuating
post-stroke neurological deficit in mice [82]. Under these conditions, the common feature
was an increase in neuronal BDNF expression. In contrast, increasing BDNF level is not
necessarily beneficial in cases of peripheral nerve injury from the aspect of pathological
pain, since Madara et al., showed that BDNF could induce glutamate release by enhancing
the action of presynaptic NMDA receptors [83]. BDNF release governs the spinal long-term
potentiation of C-fibers [84]. Long-term potentiation and a consequently increased gluta-
matergic tone, involving the increased activity of spinal NMDA receptors, are hallmarks
of neuropathic pain or other chronic pain states [85,86]. Furthermore, Chen et al., proved
that spinal NMDA receptor-potentiation on primary afferents in neuropathic pain could be
blocked either by the BDNF scavenger trkB-Fc or by the trkB receptor antagonist ANA-
12 [87]. The contribution of BDNF to pain was validated by Sikandar et al., where they
demonstrated that the conditional knockout of BDNF from mouse sensory neurons results
in unchanged response to most acute pain types and displayed hypoalgesia in chronic
inflammatory or neuropathic pain [88].

3.3. MAS Receptor Agonists

Primarily the Ang (1-7)-MASR branch of RAS acts as an antagonist of the AngII-AT1R
activity. The activity linked to AT2Rs is similar in general; however, with respect to pain
transmission, this is not the case. The possible analgesic effect of Ang (1-7) was investigated
following mostly local (intraplantar [21,23] or intrathecal [34,89–93]) administration. Stud-
ies using intraplantar administration reported that Ang (1-7) attenuated PGE2 [21,23,90,91]
or carrageenan [23] induced inflammatory mechanical hyperalgesia. The antihyperalgesic
effect of Ang (1-7) was lost in MASR KO mice [23] and was reversible by MASR, nNOS,
guanylyl cyclase, or ATP-sensitive potassium channel blockers [94] as well as by different
adrenergic antagonists [21], but not by naloxone [95].

Intrathecal administration of Ang (1-7) resulted in a decrease in spontaneous nocicep-
tive behavior induced by intrathecal AngII [91], AngIII [92], substance P or NMDA [34].
Furthermore, intrathecal Ang (1-7) showed an antiallodynic and antihyperalgesic effect
in neuropathic pain induced by CCI [89], STZ [90], or genetic model of diabetes (ob/ob
mice) [93]. Moreover, several authors reported that Ang (1-7) effectively decreased the
pathological increased p38 phosphorylation in the spinal cord [90–92,96]. Similar results
were reported following intrathecal administration of ACE2 activator DIZE, namely re-
duced nociceptive behavior in the formalin test and decreased spinal p38 phosphoryla-
tion [96]. On the other hand, intraplantar Ang (1-7) was ineffective in the treatment of CCI
induced neuropathic pain [23].

The effect of systemic (ip.) administration of Ang (1-7) on bone cancer pain was investi-
gated by Forte et al., In this model, Ang (1-7) reduced spontaneous pain reactions, increased
von Frey threshold and tail immersion latency following acute or chronic administration.
The authors reported no anti-tumor activity [97].

3.4. AT1 and AT2 Receptor Antagonists

A growing body of literature data supports that antagonists of the AT1R, such as losar-
tan, candesartan, or telmisartan, among others, display analgesic action in different pain
models, including acute thermal, inflammatory, or neuropathic pain [17,23,30,35,36,39–41].
With respect to the analgesic effect of telmisartan, our unpublished results also support
such findings because it could reduce the partial sciatic nerve CCI-induced allodynia after
systemic administration in rats (Figure 2) (Karádi and Al-Khrasani, unpublished data)).
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Figure 2. The analgesic effect of telmisartan measured on a dynamic plantar aesthesiometer (DPA)
test at 120 min, after p.o. administration to mononeuropathic animals induced by partial sciatic nerve
ligation rat model described by Seltzer et al. [98]. Columns represent the paw withdrawal thresh-
old (PWT) of the animals in grams ± S.E.M. Asterisk indicates the significant differences between
treatment groups or operated (R) and non-operated (L) hind paws (** p < 0.01 and **** p < 0.0001). Sta-
tistical differences were determined with one-way ANOVA and Tukey post-hoc test. Data represent
means ± S.E.M (n = 5 per group). (Karádi, D.Á.; Al-Khrasani, M.; unpublished data).

In addition, intrathecal administration of losartan has been reported to block AngII-
induced spontaneous pain [39], both phases of formalin test [41], and STZ-induced al-
lodynia [99]. On the other hand, microinjection of AT1R and AT2R antagonists into the
PAG has been reported to aggravate incisional allodynia [26,77]. Local administration of
losartan was also investigated by Costa et al., In this study, intraplantar (ipl.) losartan
effectively reversed prostaglandin E2 (PGE2) and carrageenan-induced mechanical hyper-
algesia but was ineffective in CCI induced neuropathic pain [23]. In contrast, numerous
publications have reported that systemic administration of AT1R antagonists to be benefi-
cial [17,20,35,36,79]. Most of these reports suggest that blocking AT1R could also attenuate
the inflammatory reaction in DRG [35,36] or the sciatic nerve [17] and elevate the decreased
BDNF level in the sciatic nerve [17] following neuronal damage.

Bessaguet et al., investigated the effect of candesartan on resiniferatoxin-induced neu-
rotoxic thermal hypoalgesia in mice and proved that intraperitoneal candesartan was able
to reverse the evoked hypoalgesia in this assay, yet the same effect was achieved following
the treatment with AT2R antagonist, EMA200 (PD123319). The authors proposed that can-
desartan may increase the AT2R binding of endogenous AngII, thus lowering the thermal
threshold of animals. This proposal is further supported by the lack of efficacy of can-
desartan in AT2R KO mice [20]. In agreement with these results, Hashikawa-Hobara et al.,
reported that hypoesthesia caused by fructose induced diabetes was reversible by orally
administered candesartan [100]. Obagata et al., showed that intrathecal losartan can atten-
uate the allodynia evoked by STZ in mice. In addition, they found that Ang II, as well as
ACE expression, were increased, indicating the involvement of AngII in neuropathic pain
conditions. It has also been reported that candesartan is capable of inducing neuroprotec-
tive, anti-inflammatory, and pro-angiogenetic effects accompanied by an increase in BDNF
expression [101,102]. In these studies, the beneficial effects of AT1R antagonism were re-
versible by the AT2 receptor antagonist, EMA200 [101,102]. Similar to the above-mentioned
studies, the authors hypothesized that AT1R antagonism causes a shift in endogenous
AngII binding from the AT1R to the AT2R, thus indirectly causing AT2R activation.

There are numerous studies indicating that AT2R antagonism can be beneficial in
treating different pain entities. In case of inflammatory pain types, the proposal that reduc-
tion in hyperinnervation can attenuate pain is in agreement with literature data [103,104].
Chakrabarty et al., reported that EMA200 reduced thermal hyperalgesia, mechanical allo-
dynia, and pathological hyperinnervation of inflamed tissue in a model of inflammatory
pain induced by complete Freund’s Adjuvant (CFA) [18,22]. The same compound was
also effective in the treatment of cancer-induced bone pain, which is mostly an inflam-
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matory pain type, strongly depending on local inflammatory mediators [105]. The most
clinically promising results, however, came from the investigation of the analgesic effect of
EMA200 and its analogs in neuropathic pain, partially contradicting the above-mentioned
data [28,29,37,38,80,106–108]. These include rodent models of mononeuropathic pain and
even human clinical trials. AT2R antagonists were shown to be able to attenuate mechani-
cal [37,38,81,107,108] and cold [107] allodynia in different mononeuropathic models, such
as CCI or SNI. Moreover, the effect of EMA200 was validated on complex behavioral pain
assays as well [109]. The most clinically relevant result, however, is that the analgesic
effect of EMA401, the orally available analog of EMA200, was tested in clinical trials for
postherpetic neuralgia [28,29] and diabetic neuropathy [28]. The efficacy in attenuating
symptoms of the patients enrolled was acceptable in both conditions; however, two of
the three studies were prematurely terminated because of preclinical data on the possible
hepatotoxic effect of the test compound upon long-term administration [28]. There is
no clear consensus whether AT2Rs are expressed on sensory neurons creating a direct
pharmacological target for analgesia [18,37,38,106,107,110], or the observed beneficial ef-
fect is mediated by immune cells infiltrating injured nerves [80,107]. The neuro-immune
cross-talk proposed by the latter studies was recently reviewed by Balogh et al. [19].

4. Neuroanatomical Distribution of the µ-Opioid and Angiotensin Receptors in Areas
Related to Pain
4.1. The µ-Opioid Receptor

The neuroanatomical distribution of the MOR is now well-established by immunohis-
tochemistry, autoradiography, in situ hybridization, and fluorescence techniques [109–113].
Accordingly, MORs can be found at supraspinal, spinal, and peripheral levels [114–116].
MORs are enriched in the descending pain modulatory pathway, involving the periaque-
ductal gray (PAG) matter, rostral ventromedial medulla (RVM), locus coeruleus (LC), and
the dorsal horn of the spinal cord [115,117]. In addition, they can be found in brain regions
that are strongly related to pain perception and integration, such as the cerebral cortex, tha-
lamus, striatum, amygdala, hippocampus, nucleus accumbens, and the ventral tegmental
area (VTA) [115,117]. Within the dorsal horn of the spinal cord, MORs are densely localized
in the lamina I-II superficial layers on interneurons and projection neurons [115,118]. The
dorsal root ganglia are also a significant locus for MORs attributed to pain [115,119]. MORs
can also be found on C- and A-fibers and near primary afferent nociceptors [117].

4.2. Angiotensin Receptors and Endogenous Angiotensin Ligands

The components of neuronal angiotensin system are found in anatomical regions
hosting different key points in pain pathways, including the dorsal horn of the spinal
cord, dorsal root ganglia (DRG and identical structures, such as the spinal trigeminal tract
and trigeminal ganglion), or peripheral nerves. Angiotensinogen mRNA can be found
ubiquitously in the mammalian brain [120], spinal cord [99], and almost all cells in the
DRG [42,43]. The angiotensinogen level in the CNS is not affected by STZ treatment-
induced diabetes; however, it is elevated following peripheral inflammation [22,121].

There are contradictory data in the literature about the localization of neuronal renin,
the primary activating enzyme of the renin–angiotensin system [42,43,100]. AngI mRNA is
present in the human DRG and trigeminal ganglion (TG) [42,43], whereas its protein form
was described in rat DRG [121]. AngII was found in rat and human DRG [18,37,43,106,107],
TG [42], neurons, satellite cells, and CD3+ T-cells [106]. The colocalization of AngII
alongside components involved in pain sensation, such as substance P (SP) and vanil-
loid transient receptor potential channels, was reported as well on small and medium
neurons [18,37,42,43,106]. In rodent, AngII can be found ubiquitously in the spinal cord;
its level was highest in the superficial laminae of the dorsal horn, which could suggest
a possible role of AngII in nociception [41,99]. Furthermore, AngII levels have been re-
ported to be increased following mono- or polyneuropathic pain evoked by CCI [106] or
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STZ, respectively [41,99]. Furthermore, this change in AngII levels was also seen in pain
conditions induced by intraplantar formalin injection [41,99] or in bone cancer pain [105].

With respect to the receptors, several studies have reported on the distribution
of AT1R on key points related to nociceptive transmission both in mice [39,40] and
rats [31,36,43,122–129]. These areas include sciatic nerve [31,127,130], DRG [36,43,123,
125,127–131], and spinal cord [22,39,40,129,132]. Moreover, it can be found in different
brain regions, such as the spinal trigeminal tract and raphe nuclei [122]. These data also
provide strong evidence on a large amount of AT1aR, and smaller amounts of AT1bR
mRNA [43,127,129,132], and the receptor protein [31,36,39,40,123,125,127–129] was also
shown in the mentioned regions. In the DRG, the receptor protein was found on satel-
lite cells and neurons of all sizes with a greater extent on smaller ones [36,110,128,130].
In the spinal cord, similarly to AngII, AT1R level was the highest in the superficial dorsal
horn [39,128].

In contrast to AT1R, AT2R localization and the above-mentioned function in relation to
nociception are controversial subjects. At present, little data are available on the ganglional
or sensory neural expression of AT2R as many of the currently commercially available AT2R
antibodies used for immunohistochemistry seem to show inappropriate specificity [131].
Therefore, it is important to evaluate the results of studies using antibodies with appropriate
criticism—especially in case of earlier works.

Early autoradiographic studies found significant inhibition of AngII binding by AT1R
but not by AT2R antagonists on the sciatic nerve, spinal cord, and (upper cervical) sensory
ganglion [31,128]. AT2 mRNA was found in the DRG and sciatic nerve of rats [43,127].
The receptor protein was found by many research groups on neurons (IB4+ [132]), satellite
cells [106,127], and CD3+ T-cells [106] and in the rat DRG as well [101,106,107,110,125,130].
Indeed, in a few studies, the AT2 antibody specificity was verified on AT2R KO mice,
further reinforcing the results [37,123]. On the other hand, Shepherd and colleagues were
not able to find AT2R mRNA or protein in the DRG of mice or humans [80]. In their study
using Agtr2GFP reporter mice, the AT2 positivity in the sciatic nerve was detectable and
increased after SNI but because of macrophage infiltration instead of neural expression.
Taken together, Shepherd’s group claims that AT2R is not expressed on sensory neurons
involved in nociception [107]. In contrast, Benitez et al., found AT2 immunoreactivity in
rat DRG mostly on non-peptidergic (IB4+) C- and Aδ-fibers showing high colocalization to
AT1 yet using an antibody with specificity verified on AT2R KO mice. In their study, the
level of AT2 increased in an inflammatory state following treatment with CFA [123]. It is
important to mention that mice were used in the study conducted by Shepherd in contrast
to rats used by Benitez. A very recent review published in 2021 by Danigo et al., provides
detail on how to solve this contradiction and lists species differences as well as the possible
gene duplication of AT2R (similar to AT1R) in mice which could cause a lack of signal in
the reporter mice [24].

Angiotensin-converting enzyme 2 (ACE2) is a carboxypeptidase enzyme regulating
the local levels of AngII and Ang 1-7 (metabolizes AngII to Ang 1-7). Its mRNA and protein
were found in human DRG samples, colocalizing with nociceptor neuronal markers [133].
It is also expressed in mouse spinal cord, where it is localized on neurons and microglia but
not on astrocytes [93]. Finally, MASR expression was shown in rat DRG [91,92], PAG [134]
and in mouse spinal cord [93]. However, to the best of our knowledge, the localization of
the Ang (1-7) peptide has not been fully described. The neuroanatomical localization of
key elements of the RAS and µ-opioid receptors have been summarized in Table 1.
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Table 1. Neuroanatomical distribution of ligands and receptors in the renin–angiotensin system with importance in pain
transmission and the µ-opioid receptor (MOR).

Ligand/Receptor Species
mRNA
/Peptide/
Protein

Method Details
Changes

References
Inflammation Neuropathy

Peripheral nerves

Angiotensinogen rat p IHC detected increased - [22]

AT1 receptor rat p autorad detected - - [31]
rat r PCR detected - increased [124]

AT2 receptor

rat p autorad not detected - - [31]
rat r PCR detected - increased [124]

AgtrGFP
reporter
mouse

p reporter
mouse

detected on thick
non-peptidergic

neurons
-

increased
(macrophage
infiltration)

[107]

MAS receptor mouse p IHC detected - increased [135]

MOR
rat p IHC detected increased - [136]

human p IHC
detected on CGRP

positive skin sensory
nerves

no change - [137]

Dorsal root ganglia

Angiotensinogen

rat p IHC detected increased - [22]

rat r and p PCR and
IHC detected - - [121]

rat r PCR and
ISH detected on all cells - - [43]

Angiotensin I human p RIA detected - - [43]

Angiotensin II

rat and
human p IHC and

RIA
colocalized with SP

and CGRP - - [43]

rat p IHC colocalized with
neuronal markers

increased
(bone

metastasis)
- [105]

rat p IHC and
WB

colocalized with SP
and NF200 - increased [37]

human p IHC
colocalized with

TRPV1 on small and
medium neurons

- - [18]

rat p IHC on neurons, satellite
cells, and T cells - increased [106]

Angiotensin (1-7) human p IHC not detected - - [18]

AT1 receptor

rat r PCR detected - no change [124]
rat r PCR detected - - [43]

rat p IHC
detected on Schwann

cells, satellite cells,
and neurons

- decreased
(DM) [127]

rat
(isolated
neurons)

r and p PCR, WB,
and RB detected decreased

(TNFα) - [129]

rat p IHC detected on small and
large neurons - increased [125]

rat p IHC detected on neurons
and satellite cells - - [36]

rat p IHC
detected on all
neurons, higher

expression on small

increased on
large neurons - [123]
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Table 1. Cont.

Ligand/Receptor Species
mRNA
/Peptide/
Protein

Method Details
Changes

References
Inflammation Neuropathy

AT2 receptor

rat r PCR detected - increased [124]

rat r and p PCR and
IHC detected - - [121]

rat r PCR detected - - [43]

rat p IHC
detected on Schwann

cells, satellite cells,
and neurons

- increased
(DM) [127]

rat (cell
culture) p WB detected - increased

(DM) [100]

rat p IHC colocalized with
neural markers - - [37,105]

rat
(neona-

tal)
r and p PCR, WB,

and IHC
detected on IB4+

neurons - - [132]

rat p IHC
detected on neurons,

satellite cells, and
T-cells

- no change [106]

rat p IHC

detected on all
neurons, mostly

non-peptidergic C and
Aδ, high colocalization

with AT1

increased - [123]

AgtrGFP
reporter
mouse

and
human

r and p
PCR and
reporter
mouse

not detected - - [80]

AgtrGFP
reporter
mouse

p reporter
mouse not detected - no change [107]

MAS receptor

rat p IHC detected - - [95]

rat r and p PCR and
WB detected - increased [89]

rat r and p PCR and
WB detected - - [138]

mouse p WB detected
increased

(bone
metastasis)

- [97]

MOR

rat p IHC detected mainly on
small neurons increased - [136]

rat p IHC

detected on small and
medium neurons,
highly colocalized
with CGRP and SP

- - [139]

rat p IHC detected increased - [50]
rat r PCR detected increased decreased [140]

human r PCR

detected on approx.
50% of neurons,

mainly
capsaicin-responsive

small neurons

- - [119]
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Table 1. Cont.

Ligand/Receptor Species
mRNA
/Peptide/
Protein

Method Details
Changes

References
Inflammation Neuropathy

Spinal cord

Angiotensin II mouse p IHC
detected ubiquitously,
highest in laminae I

and II
increased increased [41,99]

AT1 receptor
rat p

IHC,
autorad,
and ISH

detected in the
superficial DH and on
cholinergic neurons in

the VH

- - [126,128]

mouse p IHC detected in the
superficial DH - - [39,40]

AT2 receptor

rat p IHC
detected in laminae I

and II and colocalized
with IB4 and SP in

- - [123]

AgtrGFP
reporter
mouse

p reporter
mouse

detected in the deep
DH and VH and
colocalized with

neuronal markers

- no change [107]

MAS receptor

mouse p WB detected - - [93]

mouse p IHC
detected and

colocalized with NK1
and NMDA receptors

- - [34]

MOR

rat/guinea
pig p autorad detected in the

superficial dorsal horn - - [113]

rat p IHC detected on laminae
I-II increased - [136]

rat p IHC present - - [139]

rat p IHC postsynaptic MOR is
restricted to lamina II - - [141]

rat p IHC

detected, half of MOR
immunoreactivity in
the SC is on primary

afferents

- - [142]

rat r PCR detected no change no change [140]

rat p IHC detected -
decreased

(reversible by
NGF)

[57]

Abbreviations: p: peptide/protein; r: mRNA; IHC: immunohistochemistry; autorad: autoradiography; PCR: polymerase chain reaction; ISH:
in situ hybridization; RIA: radioimmunoassay; WB: Western blot; DM: diabetes mellitus; DH: dorsal horn; VH: ventral horn; SP: substance
P; CGRP: calcitonin gene-related peptide; NF200: neurofilament protein 200; TRPV1: transient receptor potential cation channel subfamily V
member 1; IB4: isolectin B4; NK1: neurokinin 1; NMDA: N-methyl D-aspartate. A hyphen indicates no assessment by the indicated studies.

5. Possible Link between MOR Analgesics and Ligands Affecting Angiotensin
Receptors in Relation to Pain

Rather than dose escalation of MORs analgesics which is associated with an increase in
the incidence of side effects, augmenting MORs-mediated analgesia would be an important
strategy in the management of neuropathic pain. In regard to the interaction between
opioid and angiotensin systems, to the best of our knowledge, the first study published
in 1983 by Haulica et al., described that AngII produced naloxone reversible analgesia
following icv. administration in rat tail-flick test; therefore, these results showed the
implication of endogenous opioid system in the effect of AngII [68]. In a later study, the
same research group also reported that naloxone or saralasin attenuates stress analgesia
in rats [70]. Based on another study by Han et al., icv. administered AngII was able to
reverse the antinociceptive action of sc. morphine [76]. Similarly, Yamada et al., showed
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that AT2R activation decreases the analgesic effect of morphine [79]. On the other hand,
a previous study by Mojaverian et al., reported that orally administered ACE inhibitor
enalapril failed to influence morphine analgesia [143]. Recently, Taskiran and Avci reported
that systemic captopril alone was able to increase tail-flick and hot plate latency, and it
also increased the analgesic effect of systemic morphine. Furthermore, the co-treatment
with captopril reduced morphine-induced analgesic tolerance development. Captopril also
reduced the inflammatory and endoplasmatic stress response in the DRG caused by acute
or chronic morphine treatment [32]. It is important to note however, that ACE inhibition
could result in a diverse molecular effect, partly independent from RAS—such as the
inhibition of the catabolism of endogenous opioids and peptide mediators, among others.
Next, connection between Ang (1-7), MASRs and the opioid system is unclear as to the
best of our knowledge there are little data available at present. In this respect, Costa et al.,
reported that endogenous opioids do not play a role in the analgesic action of Ang (1-7)
as it was not sensitive to naloxone [95]. This does not necessarily mean that there are no
possible interactions between the two systems. Indeed, there are several reports, indicating
opioids are capable of changing physiological parameters, most notably changes in the
blood pressure [144–148] or drinking-response to AngII [149–151]. However, regarding the
relationship between RAS and the opioid system only a small proportion of these address
the role of interactions in analgesia. We have summarized the outcomes of relevant studies
in Table 2.

Table 2. Reported connections between the opioid and renin–angiotensin systems in relation to pain.

RAS Ligand/Receptor Method Outcome Reference

Angiotensin II rat tail-flick test AngII mediated analgesia is reversible by
naloxone. Haulica et al., 1983 [68]

rat tail-flick test AngII is able to attenuate morphine
analgesia. Han et al., 2000 [76]

Angiotensin-converting
enzyme

rat tail-flick test ACE-inhibition cannot influence morphine
analgesia. Mojaverian et al., 1984 [143]

rat tail-flick and hot
plate test

ACE-inhibition enhances morphine analgesia
and decreases the development of opioid

analgesic tolerance.
Taskiran et al., 2021 [32]

ELISA
ACE-inhibition decreases inflammatory
cytokine levels in the DRG of morphine

tolerant animals.
Taskiran et al., 2021 [32]

AT2 receptor
mouse tail/pinch

test AT2 activation decreases morphine analgesia Yamada et al., 2009 [79]

rat tail-flick test Saralasin (AT2 partial agonist) decreases
stress analgesia. Haulica et al., 1986 [70]

Abbreviations: ELISA: enzyme-linked immunosorbent assay.

With respect to neuropathic pain, Khan and coworkers showed that allodynia caused
by CCI of the sciatic nerve was attenuated by a systemic single dose of EMA300, a small
molecule AT2R antagonist [106]. In this study, the authors also proved that the nerve
growth factor (NGF) level was significantly reduced in the ipsilateral lumbar DRGs of
neuropathic rats. In addition, treatment with EMA300 could restore the decreased NGF
level. Furthermore, several studies have shown that MOR reserve in the spinal cord and
DRG is decreased in rodents with neuropathic pain. It is worth noting that administration
of exogenous NGF does restore both MOR numbers and their analgesia at main relay
points along the pain pathways, such as the spinal cord [58]. These results support a
hypothesis on the possible existence of a link between MORs and angiotensin receptor
affecting ligands which may provide a new strategy for the treatment of neuropathic pain.
Namely, AT2R blockade was reported to restore pathologically decreased NGF levels in
neuropathy, which, in turn, could positively influence the MOR number in the DRG and
spinal cord, thus restoring the analgesic effect of MOR agonists (Figure 3). An opposing
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viewpoint is the implication of NGF in pain induction which is not the scope of the present
review but has been reported by other researchers [152–154]. Finally, whether activation or
blockade of AT2R would be of value in managing neuropathic pain, we could propose that
AT2R inhibition attenuates pain mediated by largely unidentified pathways. On the other
hand, the neural growth and remodeling induced by AT2R activation may be beneficial for
neuroregeneration, though undesired effects on the symptoms of neuropathy may occur.

To the best of our knowledge, so far, no publication has investigated the possible con-
nections between the opioid system and the Ang (1-7)—MAS receptor branch of the RAS.

Figure 3. Possible links between neuropathy, the renin–angiotensin system, MORs and NGF. Red
arrows indicate a reducing effect, while the blue ones indicate an increasing effect. In neuropathic
conditions, the MOR reserve is decreased, resulting in impaired opioid analgesia. The receptor
number can be restored by administration of NGF, the level of which is also reduced in the spinal
cord in neuropathy. AT2 antagonists are capable of restoring the lowered NGF level, thus possibly
restoring the analgesic effect of opioids. To the best of our knowledge, there is no evidence of the
direct connection between MORs and the renin–angiotensin system. The figure was constructed
based on literature discussed in Section 5.

6. Concluding Remarks and Future Directions

MOR analgesics alleviate neuropathic pain; however, high doses are needed, which,
in turn, result in serious side effects both in preclinical and human studies. Current
evidence indicates that AT1, AT2, and MASRs are involved in the control of neuropathic
pain; however, their mechanism of action related to neuropathic pain has not yet been
fully verified. Nevertheless, AT1, AT2, and MASRs are expressed in key areas related to
pain where MORs agonists halt pain sensation. In neuropathic conditions, peripheral and
central AT1 blockade and spinal MASRs activation appear to be beneficial. Data on the
impact of AT2R in neuropathic pain are contradictory, though its activation or inhibition
can result in neuroprotection or analgesia, respectively; however, future studies are needed
to justify this issue. So far, there are no angiotensin receptor affecting agents that have
been utilized clinically; however, there are clinical studies on AT2R inhibitors that have
entered phase II trials but did not proceed further due to their toxicity. It is important to
note that these clinical studies prove that such AT2R inhibitors showed equipotent efficacy
with gabapentin. In neuropathic pain, the MOR receptors and NGF levels are decreased.
Treatment with NGF results in restoring MOR and their analgesic activity in preclinical pain
studies. On the other hand, there are studies reporting the increase in pain sensation upon
NGF use, which is not the scope of the present review. Furthermore, some studies revealed
that angiotensin AT2R inhibitors do increase NGF in neuropathic pain and thus normalize
MOR levels. Therefore, we can speculate that drugs affecting angiotensin receptors could
restore the effect of MOR analgesics, which results in avoiding dose escalation of opioids
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upon the treatment of neuropathic pain. Finally, these strategies might offer a bridge upon
titration of drugs with delay in onset used in the treatment of neuropathic pain.
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Abstract: Despite the large arsenal of analgesic medications, neuropathic pain (NP) management
is not solved yet. Angiotensin II receptor type 1 (AT1) has been identified as a potential target in
NP therapy. Here, we investigate the antiallodynic effect of AT1 blockers telmisartan and losartan,
and particularly their combination with morphine on rat mononeuropathic pain following acute or
chronic oral administration. The impact of telmisartan on morphine analgesic tolerance was also
assessed using the rat tail-flick assay. Morphine potency and efficacy in spinal cord samples of treated
neuropathic animals were assessed by [35S]GTPγS-binding assay. Finally, the glutamate content of
the cerebrospinal fluid (CSF) was measured by capillary electrophoresis. Oral telmisartan or losartan
in higher doses showed an acute antiallodynic effect. In the chronic treatment study, the combination
of subanalgesic doses of telmisartan and morphine ameliorated allodynia and resulted in a leftward
shift in the dose–response curve of morphine in the [35S]GTPγS binding assay and increased CSF
glutamate content. Telmisartan delayed morphine analgesic-tolerance development. Our study has
identified a promising combination therapy composed of telmisartan and morphine for NP and
opioid tolerance. Since telmisartan is an inhibitor of AT1 and activator of PPAR-γ, future studies are
needed to analyze the effect of each component.

Keywords: neuropathic pain; neuropathy; opioids; opioid tolerance; morphine; RAS; angiotensin
receptor type 1; telmisartan; losartan

1. Introduction

Management of neuropathic pain (NP) remains a major challenge for clinicians as
it affects 7–10% of the general population [1–3]; the effectiveness of currently available
drugs is not nearly satisfactory and the treatment is often associated with risk of unwanted
side effects [4,5]. Several guidelines are in agreement that the first-line medications in
the treatment of NP are tricyclic antidepressants (TCAs), serotonin and norepinephrine
reuptake inhibitors (SNRIs) or gabapentinoids [4,6,7]. With respect to effectiveness, the
number needed to treat (NNT) values of these agents remain high [5]; moreover, they lack
prompt onset of action [8,9]. Therefore, vast efforts are being made in order to identify novel
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pharmacological targets or to reposition already marketed drugs that could be incorporated
into the treatment regimens of NP.

Opioid analgesics are the mainstay of acute and chronic pain management [10–12];
however, their use is hampered by their side effects and the development of analgesic
tolerance through long-term administration [11]. The effectiveness of opioids in NP remains
controversial [13,14]. In the past, it has been shown that a decreased number or G protein
coupling of spinal µ-opioid receptors in neuropathy may be responsible for the loss of
opioid efficacy [14–17]. In this regard, a decrease in the functional µ-opioid receptor reserve
may seem similar to that seen in opioid analgesic tolerance [18].

Since the discovery of the renin–angiotensin system (RAS), it has become a highly ex-
ploitable pharmacological target in the management of cardiovascular diseases [19,20]. RAS
inhibitors are widely available, cheap, safe and well-tolerated drugs, making them ideal
candidates for drug repurposing efforts. The role of angiotensin receptors and ligands in
the central nervous system (CNS) and their possible therapeutic use in the alleviation of NP,
among other pain types, are emerging as an important area of pain research. Other groups
and we ourselves have reported on the connection between the RAS and NP [5,21,22]
and possible pharmacological interactions between the opioid and angiotensin systems
regarding analgesia [23]. In the present work, we provide, to the best of our knowledge,
the first evidence for enhanced analgesia following co-administration of a clinically, widely
used, angiotensin receptor blocker (ARB) and morphine in a neuropathic rodent model.
In addition, we demonstrate that the ARB telmisartan reduces the development of opioid
analgesic tolerance during chronic morphine treatment.

2. Results
2.1. Telmisartan or Losartan Produces Acute Antiallodynic Effect in Neuropathic Pain Evoked by
Sciatic Nerve Injury

The acute effect of orally administered losartan (50, 100 and 150 µmol·kg−1 body
weight (BW)) and telmisartan (20, 40 and 80 µmol·kg−1 BW) was assessed by dynamic
plantar esthesiometry (DPA) two weeks following peripheral nerve injury, induced by
partial sciatic nerve ligation (pSNL), in animals showing significant allodynia, the hallmark
symptom of neuropathic pain (Figure 1).

Figure 1. The antiallodynic effect of losartan (a) and telmisartan (b) following acute oral admin-
istration via orogastric feeding tube. Means of PWT ± S.E.M. are depicted in grams, obtained
from the animals’ right (operated; R) hind paws on the 14th day after pSNL at the indicated time
points. Data obtained from the intact (left) hind paws of the animals are excluded for better visual
clarity; however, they are presented in Appendix A (Figure A1). Abbreviation “b.l.” stands for
baseline. Panel (a) * p < 0.05 between losartan 100 µmol·kg−1 BW and vehicle, two-way ANOVA
followed by Tukey’s post hoc test, n = 5–9 per group. F (time; 1.925, 51.98) = 6.607, p = 0.0031.
F (treatment group; 4, 27) = 19.44, p < 0.0001. Panel (b) * p < 0.05 between telmisartan 80 µmol·kg−1

BW and vehicle, δ p < 0.05 between telmisartan 40 µmol·kg−1 BW and vehicle, two-way ANOVA
followed by Tukey’s post hoc test, n = 5–11 per group. F (time; 1.847, 51.72) = 7.903 p = 0.0013.
F (treatment group; 4, 28) = 12.32 p < 0.0001.
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Telmisartan at the two higher test doses (40 and 80 µmol·kg−1 BW) showed a signif-
icant antiallodynic effect 2 h after systemic (oral) administration when compared to its
vehicle, 1% HEC (paw withdrawal threshold (PWT): 28.47 ± 1.91, n = 9 vs. 16.35 ± 2.30,
n = 6; p = 0.013 and 31.48 ± 2.83, n = 6 vs. 16.35 ± 2.30, n = 6; p = 0.014, respectively).
Losartan in doses of 100 or 150 µmol·kg−1 BW produced moderate antiallodynia with a
peak effect at 60 min after systemic administration; however, significance was achieved
only following the 100 µmol·kg−1 BW dose compared to the vehicle treated group (PWT:
28.19 ± 2.25, n = 9 vs. 16.76 ± 1.80, n = 5; p = 0.013) (Figure 1).

2.2. Combination of Telmisartan and Morphine in Subanalgesic Doses Alleviates Neuropathic Pain
Evoked by Sciatic Nerve Injury

In this phase of the study, the acute effect of a combination of telmisartan or losartan
and morphine was investigated in animals showing allodynia two weeks after pSNL. As
stated above, acute treatment with losartan and telmisartan at doses of 50 and 20 µmol·kg−1

BW, respectively, did not cause significant analgesic effect (Figure 1). Alleviation of neu-
ropathic pain by morphine alone was also assessed (Figure 2a) following subcutaneous
administration, in order to determine the dose of morphine used as part of the combination
treatments. In this set of experiments, morphine failed to alleviate neuropathic pain at a
dose of 10 µmol·kg−1, which was chosen for further experiments as the subanalgesic dose.

The combination of telmisartan and morphine in subanalgesic doses showed a trend
but no significant effect towards the alleviation of neuropathic pain after acute admin-
istration. However, following 10 days of chronic treatment, this combination was able
to alleviate NP in the operated paws. Namely, at the peak-effect of the compounds, a
significantly higher PWT of the operated paws was observed in the combination group
when compared with the group treated with their vehicles (PWT: 32.53 ± 3.71, n = 6 vs.
15.46 ± 2.27, n = 4; p = 0.028) or 1% HEC plus morphine (PWT: 32.53 ± 3.71, n = 6 vs.
11.35 ± 2.63, n = 5; p = 0.008) (Figure 2d,e). On the other hand, the combination of sub-
analgesic doses of losartan and morphine failed to alleviate NP either on the 1st day of
treatment (acute effect) or after 10 days of chronic administration (Figure 2b,c).

2.3. Impact of Chronic Telmisartan and Morphine Combination Treatment on Morphine-Stimulated
[35S]GTPγS Binding in Spinal Cord Membranes of Neuropathic Rats

Specific G-protein coupling of spinal µ-opioid receptors was measured using morphine-
stimulated [35S]GTPγS binding assay and the acquired binding data are summarized in
Table 1. Morphine showed similar efficacy (Emax) for G-protein coupling in the spinal
cord tissues of animals from either treatment group. On the other hand, the potency of
morphine (EC50) with respect to [35S]GTPγS binding was significantly increased in spinal
tissue samples obtained from animals treated chronically with the combination composed
of the subanalgesic doses of telmisartan and morphine compared to the morphine-treated
group (1% HEC plus morphine) (Figure 3a,b). This reduction in the [35S]GTPγS specific
binding potency of morphine can also be observed as a rightward-shift of the morphine
concentration–response curve in the indicated group (Figure 3a).

Table 1. Morphine-stimulated [35S]GTPγS binding data on spinal cords obtained from animals
undergoing 10 days of chronic treatment. EC50 and Emax values were calculated individually for
each animal sample and means ± S.E.M. are presented here.

Treatment Group (10 Days of
Treatment)

GTPγS Binding

EC50 ± S.E.M. (nM) Emax ± S.E.M. (%)

1% HEC + saline (n = 5) 217.2 ± 137.8 134.1 ± 6.8

1% HEC + morphine (n = 5) 1864.0 ± 783.5 *δ 140.2 ± 3.4
telmisartan + morphine (n = 5) 285.0 ± 125.1 136.5 ± 1.8

* p < 0.05 vs. telmisartan + morphine; δ p < 0.05 vs. control, one-way ANOVA followed by Fisher’s LSD post hoc
test, n = 5 per group.
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Figure 2. (a) Determination of the acute antiallodynic effect of subcutaneous morphine at doses of 10
and 20 µmol·kg−1 BW. The antiallodynic effect was tested at 30 min, which corresponds to the peak
effect of morphine [14,24]. * p < 0.05 versus vehicle, two-way ANOVA followed by Tukey’s post hoc
test, n = 5–12 per group. F (time; 1, 38) = 13.19, p = 0.0008. F (treatment group; 5, 38) = 38.06, p < 0.0001.
(b,c) The antiallodynic effect of po. losartan, sc. morphine and their combination, following acute
and chronic treatment on the 14th and 24th day post-pSNL, respectively. Abbreviation “b.l.” stands
for baseline. Two-way ANOVA followed by Tukey’s post hoc test, n = 5–6 per group. 14th day: F
(time; 1.817, 38.15) = 0.75 p = 0.47; F (treatment group; 4, 21) = 12.93, p < 0.0001. 24th day: F (time; 1.57,
33) = 1.1, p = 0.33; F (treatment group; 4, 21) = 23.87, p < 0.0001. (d,e) The antiallodynic effect of po.
telmisartan, sc. morphine and their combination, following acute and chronic treatment on the 14th
and 24th day post-pSNL, respectively. * p < 0.05 versus vehicle, δ P < 0.05 vs. 1% HEC + morphine
10 µmol·kg−1 R, two-way ANOVA followed by Tukey’s post hoc test, n = 4–6 per group; 14th day:
F (time; 1.711, 35.94) = 0.7 p = 0.48; F (treatment group; 4, 21) = 27.15, p < 0.0001; 24th day: F (time;
1.855, 38.96) = 4.24, p = 0.024; F (treatment group; 4, 21) = 27.06, p < 0.0001. Results are presented as
mean ± S.E.M.
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Figure 3. (a) Morphine-induced µ-opioid receptor G-protein activity on L4–L6 spinal cord membrane
homogenates obtained from animals that had previously undergone 10 days of chronic treatment
according to the indicated groups. n = 5 per group. (b) Calculated EC50 and Emax of morphine
from the morphine-stimulated [35S]GTPγS binding assay on L4–L6 spinal cord samples obtained
from animals that had previously undergone 10 days of chronic treatment according to the indicated
groups. * p < 0.05 vs. all other groups, one-way ANOVA followed by Fisher’s LSD post hoc test, n = 5
per group. EC50: F (2, 12) = 4.017, p = 0.0462 Emax: F (2, 12) = 0.4538, p = 0.6457. EC50 and Emax values
were calculated individually for each animal and means ± S.E.M. are presented here.

2.4. Telmisartan Delays the Development of Morphine Analgesic Tolerance in Rat Tail-Flick Assay

Subcutaneous morphine (31.08 µmol·kg−1 BW) showed a significant antinociceptive
effect indicated by increased latency in the tail-flick assay of rats after acute administration
(1st day). This effect peaked at 30 min following morphine administration and was retained
when combined either with telmisartan or its vehicle (Figure 4). On the other hand,
telmisartan (20 µmol·kg−1 BW) alone did not show antinociception. Animals in the studied
treatment groups showed a similar response on the 4th day of chronic treatment as on
the 1st (Figure 4). On the 10th day of treatment, the antinociceptive effect of morphine
disappeared and did not significantly differ from the control at any time point, indicating
the development of antinociceptive tolerance to morphine. However, when morphine was
combined with oral telmisartan, a significant antinociception was maintained on the 4th
and 10th day as well, peaking at 30 min and lasting up to 3 h (Figure 4a,b).
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Figure 4. (a) The effect of morphine, telmisartan and their combination on the tail-flick latency
of naïve rats (day 1) and following 4 or 10 days of chronic treatment with the indicated combina-
tions. Telmisartan or 1% HEC was administered orally at 0 min, while morphine or saline was
administered subcutaneously at 90 min to ensure that the peak effect of the two compounds coin-
cided in time. * p < 0.05 between telmisartan + morphine and 1% HEC + saline, # p < 0.05 between
1% HEC + morphine and 1% HEC + saline, δ p < 0.05 between telmisartan + morphine and 1%
HEC + morphine, two-way ANOVA followed by Tukey’s post hoc test, n = 6 per group. Day 1:
F (time; 2.39, 47.79) = 30.56, p < 0.0001; F (treatment group; 3, 20) = 55.15, p < 0.0001. Day 4: F (time;
3.07, 61.34) = 34.88 p < 0.0001; F (treatment group; 3, 20) = 27.02, p < 0.0001. Day 10: F (time; 3.03,
60.63) = 9.79, p < 0.0001; F (treatment group; 3, 20) = 22.45, p < 0.0001. (b) Area under the curve (AUC)
values calculated individually for each animal of the elapsed time—tail-flick latency curves. For each
animal, the tail-flick latency value prior to treatment administration was used as the baseline for
calculating AUC values. * p < 0.05 between indicated groups, one-way ANOVA followed by Tukey’s
post hoc test, n = 5–6 per group, exact group sizes are shown in each graph. Day 1: F (3, 19) = 43.3,
p < 0.0001. Day 4: F (3, 20) = 21.98, p < 0.0001. Day 10: F (3, 20) = 4.818, p = 0.011. ROUT analysis,
with a Q value = 0.5% identified one outlier in the telmisartan + saline group on Day 1. Data are
presented as mean ± S.E.M.

2.5. Impact of Angiotensin Receptor Blockers and Morphine on the L-Glutamate Content of
the CSF

In both in vivo models described above, cerebrospinal fluid (CSF) samples were
collected from chronically treated animals and their L-glutamate content was determined
by capillary electrophoresis. Based on samples from both mononeuropathic and morphine-
tolerant animals, only the combination of telmisartan and morphine significantly increased
CSF L-glutamate content. Individual components of the combination failed to do so in
either model. (Figure 5).
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Figure 5. (a) L-glutamate content in the CSF of mononeuropathic (pSNL) and sham-operated ani-
mals following 10 days of chronic treatment with orally administered telmisartan or 1% HEC plus
subcutaneously administered morphine or saline. * p < 0.05 vs. 1% HEC + saline, # p < 0.05 vs.
telmisartan + saline, δ p < 0.05 vs. 1% HEC + morphine, $ p < 0.05 vs. sham, one-way ANOVA
followed by Fisher’s LSD post hoc test, n = 4–6 per group, exact group sizes are shown in each
graph. F (4, 21) = 4.238, p = 0.0114. (b) L-glutamate content in the CSF of animals following 10 days
of treatment according to our morphine analgesic-tolerance protocol. * p < 0.05 vs. 1% HEC + saline,
one-way ANOVA followed by Fisher’s LSD post hoc test, n = 5–6 per group, exact group sizes are
shown in each graph. F (3, 18) = 2.23, p = 0.1198.

2.6. Impact of Efficient Test Compounds on the Motor Coordination of Rats

Telmisartan (80 µmol·kg−1 BW, po.), morphine (10 µmol·kg−1 BW, sc.) or their
combination failed to exhibit motor dysfunction in rats (Figure 6). Morphine treatment
(31.08 20 µmol·kg−1 BW, sc., as positive control) produced a significant disturbance in mo-
tor coordination, seen as shorter fall-off times (latency: 19.4 ± 5.67, n = 5 vs. 180 ± 0.00,
n = 4).

Figure 6. Effect of systemic (oral or subcutaneous) administration of analgesic doses of telmisartan
and its combination with morphine on the motor function of naïve animals. Columns represent the
time latency of animals in the RotaRod assay ± S.E.M. measured at peak effect of test compounds.
Abbreviation “n.s.” stands for not significant. * p < 0.05 vs. all other groups, one-way ANOVA
followed by Fisher’s LSD post hoc test, n = 4–5 per group, exact group sizes are shown in each graph.
F (4, 18) = 17.13, p < 0.0001.

3. Discussion

There are many different pharmacotherapeutic approaches for the treatment of neuro-
pathic pain, but none of these has so far proved fully effective. Furthermore, the analgesic
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effect of current medications is of slow onset, and the side effects are progressively in-
creasing with dose escalation, and thus, limit their further use [5,8]. Therefore, the need to
develop novel drugs or new approaches encourages researchers to continue working in this
field. In the last decades, many promising drug targets have been identified as potential
therapeutic targets for future neuropathic pain treatment, such as angiotensin receptor type
1 [22,23]. The use of combination treatment regimens has also been considered in order
to increase the effectiveness without increasing the undesirable effects of the elements of
the combination. With respect to the raised issues, we herein present results on the effect
of AT1 antagonists, losartan and telmisartan, in a rat neuropathic pain model evoked by
pSNL. The antiallodynic effect of these antagonists was then assessed when combined with
morphine. Through the present pain assessment model, we have demonstrated that at
certain doses both losartan and telmisartan are able to produce significant analgesia in
NP after acute oral administration (Figure 1). The pain attenuation effect of losartan or
telmisartan is manifested by their ability to ameliorate mechanical allodynia, the hallmark
symptom of NP [25]. These results further support previous findings on the analgesic
effects of AT1 antagonists in animals with neuropathic pain. There are several studies that
demonstrate the analgesic effects of AT1 antagonists in diabetic polyneuropathy [26,27]
or chemotherapy-induced neuropathy, among others [28,29]. Indeed, in the peripheral
mononeuropathic pain model, previous studies have found that AT1 antagonists such as
telmisartan or losartan could attenuate neuropathic pain following chronic treatments in
rats that underwent chronic constriction injury (CCI) [30,31]. In this regard, in our present
work, we could also demonstrate an analgesic effect for single-dose administration of oral
telmisartan or losartan with rat NP evoked by pSNL, but at a dose nearly two-fold higher
than in previous studies. In addition, the applied dose range of telmisartan or losartan
in previous studies corresponds to the ineffective dose range in our study, tested either
after acute or chronic administration. An earlier study by Kim and co-workers showed that
CCI of the sciatic nerve, tight ligation of spinal nerves (SNL) and tight partial ligation of
the sciatic nerve (pSNL) generally evoked similar time-course behavioral symptoms, but
signs of mechanical allodynia were greater in rats subjected to pSNL compared to CCI [32].
At present, the discrepancy in the effect of test compounds regarding the applied dose
range can be explained by the type of surgical procedure used to evoke NP in rats (CCI vs.
pSNL). Neuropathic pain is a devastating disease evoked by different causes and several
underlying pathophysiological mechanisms which have resulted in the existence of multi-
ple therapeutic strategies. Thus, studying the analgesic effects of AT1 blockade is worth
doing, although previous work has shown negative results [33]. Indeed, the majority of the
findings are promising [26–29] and our results are in line with these findings, because in the
present work, we could achieve an acute antiallodynic effect with losartan and telmisartan.
However, the doses administered in the experiments here were high when translated to
human doses. It means that losartan and telmisartan were able to produce acute analgesic
effect in NP but in doses much higher than those being used in animal studies and clinical
practice with respect to analgesia or hypertension, respectively. This observed trend corre-
sponds with findings from our previous studies related to the effect of morphine in diabetic
rats with polyneuropathic pain [14] and in the present work regarding mononeuropathic
pain (pSNL). In this study, the acute antiallodynic effect of morphine was only achieved
in high doses. Therefore, the therapeutic strategy of drug combinations was followed to
enhance analgesia and decrease deleterious effects. In this regard, we could prove that the
subanalgesic dose of telmisartan in combination with the subanalgesic dose of morphine
significantly attenuated NP after chronic treatment and produced an analgesic trend after
acute administration (Figure 2). On the other hand, the combination of morphine with
losartan failed to show pain attenuation following either acute or chronic administration.
The differences between the two ARBs in our study may possibly be explained by their
different kinetic or dynamic properties as well. In the current literature, telmisartan is con-
sidered to be a drug of particular interest regarding its central RAS-influencing effects [34]
because of its highest lipophilicity in the class of ARBs and its penetration capabilities
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into the CNS [34–37]. On the other hand, the results of Wang et al. showed that losar-
tan could not induce a significant CNS effect [38]. Furthermore, studies attribute potent
neuroprotective effects to telmisartan, explained partly by its AT1 antagonist effect and
partly by its unique-in-class peroxisome proliferator-activated receptor-γ (PPAR-γ) agonist
effect [39,40]. PPAR-γ agonists have been reported to have relevant suppression on the
production of proinflammatory cytokines such as tumor necrosis factor-alpha (TNF-α) and
interleukin-1 beta (IL-1β), among others [41]. Peripheral nerve injury-induced microglia ac-
tivation in the spinal cord results in an increase in these proinflammatory cytokines, which
play a profound role in the hyper-excitability and central sensitization that are being seen
in neuropathic animals [42–44]. In addition, PPAR-γ inhibited the activation of CX3CR1
(fractalkine receptor) in rats developing neuropathic pain [45]. With respect to the impact of
losartan on PPAR-γ, to the best of our knowledge, no study has reported on its direct action
yet. However, losartan has several metabolites, among them EXP3179 is a minor one, which
has been reported to act as an agonist of PPAR-γ [46]. At present, the lack of antiallodynic
effect of losartan in combination with morphine can be explained by low levels of EXP3179,
its PPAR-γ agonist metabolite, formed from the low dose of losartan in the combination.
With respect to repeated morphine administration, it is known to result in increased spinal
glial activation as well as the expression of multiple chemokines and cytokines. Thus, the
failure of the combination of subanalgesic morphine and losartan to produce analgesia may
be due to a small amount of EXP3179 to activate PPAR-γ and, as a consequence, reduced
spinal glial inhibition and increased chemokine and cytokine expression, which contribute
to the development of opioid analgesic tolerance and allodynia [47].

Fortunately, the promising analgesic results following the combination of telmisartan
and morphine could draw our attention to one particular issue, namely the negligible
development of analgesic tolerance to morphine when telmisartan was administered si-
multaneously. Accordingly, further studies were carried out to shed light on the cellular
mechanisms beyond the remarkable analgesic effect seen with the combination of telmis-
artan and morphine. We have performed additional in vitro experiments utilizing the
morphine-stimulated [35S]GTPγS binding assay to demonstrate the G-protein activating
capabilities of morphine in the spinal cord of neuropathic animals treated with morphine
or the combination of telmisartan and morphine. The obtained results showed no change
in the efficacy (Emax) of morphine in the spinal samples of either treatment group (Figure 3).
However, the salient finding is that in animals receiving telmisartan in combination with
morphine for 10 days, morphine retained its potency at the spinal level indicated by the
EC50 value and attenuated NP evoked by pSNL. On the other hand, 10 days of morphine
treatment caused a significant decrease in the potency of the morphine. Previous studies
have demonstrated no change in opioid Emax values in the spinal cord of mice that develop
analgesic tolerance to morphine compared to non-tolerant ones [48]. This is in line with our
results; however, we expected a decline in both morphine potency and efficacy in the spinal
samples of animals that underwent pSNL, as NP can induce a decrease in the membrane
µ-opioid receptor reserve which is reflected by a decrease in the [35S]GTPγS binding Emax of
morphine, as described previously [14,49]. To explain the results shown here with respect to
telmisartan, besides its AT1 antagonist effect, the activation of PPAR-γ [39,40] might also be
of importance. Activation of PPAR-γ has been reported to delay the development of opioid
tolerance [50] and reduced NP [51]. We have further investigated the impact of chronic
oral administration of telmisartan on morphine-induced analgesic tolerance in a thermal
pain model, the rat tail-flick assay. Our results are in line with data reported previously,
regarding PPAR-γ agonists delaying the development of morphine tolerance in mice [50].
PPAR-γ is expressed by neurons, astrocytes, and microglia in the spinal cord, and it can
downregulate CXCRs including CXCR4. CXCR4 antagonists have been reported to enhance
the morphine analgesic effect [52,53]. CXCRs activate protein kinase C, which in turn phos-
phorylates µ-opioid receptors, which results in its uncoupling from the Gi protein. As a
consequence, G protein coupled receptor kinase and arrestin are recruited to the µ-opioid re-
ceptor, facilitating its internalization and therefore analgesic-tolerance development [52,54].
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These studies proposed a role for a µ-opioid receptor–CXCR4 crosstalk in the spinal cord
and the development of opioid tolerance. At present, the mechanism for the measured
in vivo and in vitro effects are still not completely understood, and future studies will be
needed to elucidate more precisely which factors are beyond analgesic-tolerance control.

Changes in the function of the spinal glutamatergic system have been described
in the spinal cord of animals with NP [55,56]. Hence, we assessed the changes in L-
glutamate levels in the CSF of rats with NP and treated chronically with subanalgesic
doses of telmisartan and morphine separately or in combination. This strategy was also
extended to examine the CSF L-glutamate content of rats with developed opioid analgesic
tolerance. In these experiments, unexpectedly, the combination of telmisartan and morphine
increased L-glutamate content in the CSF of rats showing analgesic response and delayed
opioid tolerance. In fact, the mechanism of the observed effect of the combination of
telmisartan and morphine related to the increase in glutamate level in CSF is complex
and likely involves multiple targets such as AT1, PPAR-γ and opioid receptors which
directly or indirectly engage in pain regulation and neuronal protection, among other
physiological functions.

The direct action of telmisartan includes an anti-inflammatory effect through activation
of PPAR-γ [57] or AT1 inhibition [58], which has been shown in cultured microglia and
neurons [39]. Based on these studies, despite the increase in the glutamate content of
the CSF in rats with NP and treated with the combination, telmisartan could ameliorate
glutamate-induced neuronal-injury-evoked neuropathic pain. It is possible that telmisartan
might also protect neuronal cells by decreasing inflammatory response in the spinal cord
through either inhibition of AT1 or stimulating PPAR-γ rather than inhibition of glutamate
release [39]. Telmisartan has been reported to produce significantly decreased glutamate-
induced neuronal injury when applied prior to or concomitantly with glutamate [39]. It is
indeed difficult to judge whether neuronal injuries evoked by increased glutamate level
upon neuropathy are halted by telmisartan administration. NP and opioid tolerance share
overlapping neural changes with respect to glutamate. In this regard, NMDA receptor
blockers show an analgesic effect on NP and are able to delay the development of opioid
analgesic tolerance [59–62]. However, it is important to note that the elevated CSF L-
glutamate content observed in our experiments does not specifically reflect the function of
the dorsal horn of the spinal cord, i.e., the spinal sensory system. It is conceivable that the
increased glutamate efflux is a consequence of autonomic or other systems and that it does
not act exclusively on NMDA receptors. Thus, future studies are required to understand
how the telmisartan and morphine combination can ameliorate NP and delay analgesic
tolerance. Finally, we compared the antiallodynic advantage of telmisartan to morphine
regarding motor function. Even at the highest-applied analgesic dose of telmisartan alone
or in combination with a subanalgesic dose of morphine, there was no measurable motor
dysfunction—unlike several current medications used in the treatment of neuropathic
pain [63,64].

4. Materials and Methods
4.1. Animals

Experimental protocols were carried out on male Wistar rats obtained from Toxi-Coop
Zrt. (Budapest, Hungary). Animals weighing 120–150 g or 170–200 g at the beginning of
the study were used for the neuropathic pain model or the morphine analgesic-tolerance
experiments, respectively. A total of 123 animals were used for the neuropathic pain model
and 24 animals for the morphine analgesic-tolerance model. Furthermore, 23 animals
underwent RotaRod testing for motor coordination. Thus, a total number of 170 rats were
used. Animals were maintained under controlled environmental conditions (20 ± 2 ◦C
temperature, 12:12 h light/dark cycle) in standard cages, holding four to five animals per
cage in the local animal house of Semmelweis University, Department of Pharmacology and
Pharmacotherapy (Budapest, Hungary). Water and standard rodent chow were available ad
libitum. Prior to experiments, animals were allowed to acclimatize for at least 1 week. All
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housing and experiments were performed in accordance with the European Communities
Council Directives (2010/63/EU), the Hungarian Act for the Protection of Animals in
Research (XXVIII.tv. 32.§) and the local animal care committee (PEI/001/276-4/2013 and
PE/EA/619-8/2018).

4.2. Materials

Telmisartan and losartan-potassium were obtained from TCI EUROPE N.V. (Zwijn-
drecht, Belgium), while morphine-HCl was obtained from Alkaloida-ICN (Tiszavasvári,
Hungary). Telmisartan was suspended in 1% hydroxyethyl-cellulose solution (HEC), while
losartan-potassium and morphine-HCl were dissolved in 0.9% saline. Telmisartan and
losartan were administered orally (po.), using stainless steel oral feeding needles (pur-
chased from Animalab Hungary Kft., Vác, Hungary) in a total volume of 5 mL·kg−1

bodyweight (BW). Morphine was administered subcutaneously (sc.) in a total volume
of 2.5 mL·kg−1 BW. Pentobarbital was obtained from Semmelweis University Pharmacy
(Budapest, Hungary), and dissolved in 0.9% saline before being administered intraperi-
toneally (ip.) in a total volume of 2.5 mL·kg−1 BW. Diethyl-ether was purchased from
Sigma-Aldrich (Budapest, Hungary).

For [35S]GTPγS binding assay DMSO, Tris-HCl, EGTA, NaCl, MgCl2 × 6H2O, GDP
and the GTP analog GTPγS were purchased from Sigma-Aldrich (Budapest, Hungary).
The radiolabeled GTP analog, [35S]GTPγS (specific activity: 1250 Ci/mmol, Cat.No.:
NEG030H250UC) and the UltimaGoldTM MV aqueous scintillation cocktail was purchased
from PerkinElmer (handled by Per-Form Hungaria Kft, Budapest, Hungary).

All compounds were stored and handled as described in the product information sheets.

4.3. Experimental Protocols
4.3.1. Mononeuropathic Pain Model

A schematic summary of the study design of the applied neuropathic pain model
is presented in Figure 7. In the days preceding the start of the experiments, handling
was performed in order to acclimatize the animals to the experimental conditions. This
consisted of placing the animals in the plastic cages of the experimental apparatus once
daily. Mechanical allodynia induced by neuropathy was assessed using a dynamic plantar
esthesiometer (DPA 37450, Ugo Basile, Italy) as described before [56,65] with the following
settings: incrementation: 10 g/s, maximal force: 50 g. The PWTs of animals were measured
in grams, following at least five minutes of habituation in the cage in the case of each
animal. Each paw was measured three times and the means of the three measurements
were used for further analysis. All behavioral studies were performed by the same tester.

Figure 7. Schematic representation of the study design applied in the mononeuropathic pain model.
The figure indicates the timeline of the acute and chronic experiments, involving DPA measurements,
pSNL, treatment days and termination.
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First, baseline measurements were performed with DPA to determine the pre-operative
PWT. Next, animals underwent partial sciatic nerve ligation (pSNL) based on the method
described by Seltzer and colleagues and in our previous studies [56,64,66]. Briefly, under
pentobarbital anesthesia (60 mL·kg−1 BW), animals were placed on heating pads to main-
tain 37 ◦C body temperature. Under aseptic conditions, the right sciatic nerve was exposed
without muscle damage at the thigh level. The dorsal 1/2 of the nerve was tightly ligated
with size 7-0 silicon treated silk suture. The wound was closed with two stiches. A separate
group of animals used later as controls underwent sham-surgery during which the nerve
was exposed without subsequent ligation.

Two weeks after the operation, PWTs of both (operated and intact) hind paws of
the animals were determined. Animals were considered neuropathic if there was a 20%
decrease in the average PWT value of the operated (right) paw compared to the unoperated
(left) paw, calculated by the following formula:

PWTunoperated paw − PWToperated paw

PWTunoperated paw
× 100 (1)

Next, randomization was used to allocate animals to control and treatment groups.
Following randomization, small adjustments were made where necessary to ensure that
the mean baseline PWT values for each group were close to the same. This was carried out
to ensure that any subsequent effects of the test compounds were equally well detected.
After test compounds or vehicles were administered, the PWTs of animals were determined
again at 60 and 120 min as depicted in Figure 1. A group of animals was used to determine
the acute antiallodynic effect of different doses of telmisartan (20, 40 and 80 µmol·kg−1 BW,
po.), losartan (50, 100 and 150 µmol·kg−1 BW, po.) and morphine (10 and 20 µmol·kg−1 BW,
sc.). In experiments aiming to assess the effect of the combination of ARBs and morphine,
the compounds were administered in a time-shifted manner (ARBs at 0 min and morphine
at 30 or 90 min) so that the peak effect of the combination elements always coincided in
time. The time intervals were chosen according to the data obtained in the first part of
the study, i.e., the acute experiments with different doses of the two ARBs. Based on our
previous studies, the peak effect of morphine was expected at 30 min after subcutaneous
administration [14,24].

Another group of animals was subjected to chronic treatment with a combination
of morphine and ARBs, using doses that were found to be subanalgesic in acute tests
(20, 50 and 10 µmol·kg−1 BW for telmisartan, losartan and morphine, respectively). In
this group, morphine was administered subcutaneously twice a day, while ARBs were
administered orally once a day. On the 24th day following Seltzer surgery, another set
of DPA measurements were carried out on chronically treated animals. Following this,
animals were sacrificed by diethyl-ether overdose after which spinal cord tissue and CSF
samples were obtained for further in vitro analyses.

4.3.2. Morphine Analgesic-Tolerance Model

A schematic summary of the applied opioid analgesic-tolerance protocol is presented
in Figure 8. In the days preceding the start of the experiments, handling was performed in
order to acclimatize the animals to the experimental conditions. This consisted of placing
the animals in the tail-flick apparatus with blindfolds on, once daily. Acute thermal pain
sensation was assessed using radiant heat tail-flick test (IITC Life Science, Woodland Hills,
CA, USA) as described previously [67,68] with some modifications. Briefly, light-intensity
was adjusted to set the control tail-flick latency under 4 s. Cut-off time was set to 8 s to
avoid tissue damage. A baseline latency was measured before and after test compound or
vehicle administration at the depicted time points (see Figure 2). All behavioral studies
were performed by the same tester.



Int. J. Mol. Sci. 2023, 24, 7970 13 of 18

Figure 8. Schematic representation of the study design applied in the morphine analgesic-tolerance
model. The figure indicates the timeline of the tail-flick measurements treatment days and termination.

Animals were randomized into groups and rendered tolerant to morphine by sub-
cutaneous injections of 10 mg·kg−1 or 31.08 µmol·kg−1 BW morphine twice daily (8 a.m.
and 8 p.m.) for 10 days. Saline injections (2.5 mL·kg−1 twice daily) were used in the
control animals. In addition to morphine or saline, the animals also received telmisartan
(20 µmol·kg−1, po.) or 1% HEC (5 mL·kg−1, po.) once daily (8 a.m.). The degree of
analgesic-tolerance development was determined using the tail flick test on days 4 and 10.
Following this, animals were sacrificed by diethyl-ether overdose and cerebrospinal fluid
(CSF) samples were obtained for further in vitro analyses.

4.3.3. Morphine-Stimulated [35S]GTPγS Binding Assay

Rats were decapitated and their spinal cords were quickly removed. The spinal cords
were prepared for membrane preparation for the [35S]GTPγS binding experiments, as
described previously [56]. Briefly, spinal cord samples were homogenized in ice-cold TEM
buffer composed of 50 mM Tris-HCl, 1 mM EGTA, 3 mM MgCl2, and 100 mM NaCl, pH 7.4
with a Teflon-glass homogenizer. The homogenate was centrifuged at 18,000 rpm for 20 min
at 4 ◦C. The resulting supernatant was discarded, and the pellet was further incubated at
37 ◦C for 30 min in a shaking water-bath. Then, centrifugation was repeated as described
above. The final pellet was suspended in ice-cold TEM buffer and stored at −80 ◦C. The
protein content of the membrane preparation was determined by the method of Bradford,
BSA being used as a standard [69].

In the [35S]GTPγS binding experiments, we measured the GDP→GTP exchange of the
Gαi/o protein in the presence of a given ligand. The nucleotide exchange was monitored
by a radioactive, non-hydrolyzable GTP analogue, [35S]GTPγS. The functional [35S]GTPγS
binding experiments were performed as previously described [48,49], with modifications.
Briefly, the membrane homogenates were incubated at 30 ◦C for 60 min in TEM buffer
containing 20 MBq/0.05 mL [35S]GTPγS (0.05 nM) and 0.1–10 µM concentrations of the
GlyT inhibitors (alone or in combination) and DAMGO. The experiments were performed in
the presence of excess GDP (30 µM) in a final volume of 1 mL. Total binding was measured
in the absence of test compounds, non-specific binding was determined in the presence
of 10 µM unlabeled GTPγS and subtracted from total binding. The difference represents
basal activity. The reaction was terminated by rapid filtration under vacuum (Brandel
M24R Cell Harvester, Gathersburg, MD, USA), and washed three times with 5 mL ice-cold
50 mM Tris-HCl (pH 7.4) buffer through Whatman GF/B glass fibers. The radioactivity of
the filters was detected in UltimaGoldTM MV aqueous scintillation cocktail with Packard
Tricarb 2300TR liquid scintillation counter (Per-Form Kft, Budapest, Hungary). [35S]GTPγS
binding experiments were performed in triplicate and repeated at least three times.

4.3.4. Capillary Electrophoresis Analysis of Glutamate Content

L-glutamate content of cerebrospinal fluid (CSF) samples was measured by the cap-
illary electrophoresis laser-induced fluorescence method carried out as described previ-
ously [56,70].



Int. J. Mol. Sci. 2023, 24, 7970 14 of 18

Animals in our mononeuropathic pain model or morphine analgesic-tolerance model
were sacrificed after 10 days of treatment as discussed above. CSF samples were obtained
by cisterna magna puncture and centrifuged at 2000× g, at 4 ◦C for 10 min. Samples
were frozen immediately and stored at −80 ◦C until further processing. On the day of the
experiment, samples were deproteinized by mixing with 2 volumes of pure acetonitrile
and centrifuged at 20,000× g for 10 min at 4 ◦C. Supernatants were collected, diluted
five times with acetonitrile-distilled water solution (2:1; v/v) and subjected to derivatiza-
tion with 7-fluoro-4-nitro-2,1,3-benzoxadiazole (NBD-F) (1 mg/mL final concentration)
in 20 mM borate buffer pH 8.5 for 20 min at 65 ◦C. Five µM L-cysteic acid was used as
internal standard.

Derivatized samples were analyzed using a P/ACE MDQ Plus capillary electrophore-
sis system coupled with a laser-induced fluorescence detector equipped with a laser source
of excitation and emission wavelengths of 488 and 520 nm, respectively, (SCIEX, Fram-
ingham, MA, USA). Separations were carried out in polyacrylamide-coated fused silica
capillaries (i.d.: 75 µm, effective/total length: 50/60 cm) using 50 mM HEPES buffer pH
7.0 containing 6 mM hydroxypropyl amino-β-cyclodextrin at 15 ◦C by applying −30 kV
constant voltage.

4.3.5. Motor Function Testing

The effect of telmisartan, morphine and their combination on the motor function of
animals was assessed using the rotarod assay (Rat RotaRod, model 7750, Ugo Basile, Italy).
On the day preceding the experiment, animals were trained to stay on the rotating rod
of the instrument. Rotation speed was set at 16 rotations per minute (RPM) and cut-off
time was set at 180 s. On the day of the experiment, the animals were treated orally with
the highest tested dose of telmisartan (80 µmol·kg−1), the dose of morphine used in the
combination experiments (10 µmol·kg−1), their combination or their vehicles (1% HEC
or saline, respectively). The motor coordination of animals was tested at the time of peak
effect of test compounds. The compounds were administered in a time-shifted manner
(ARBs at 0 min and morphine at 90 min) so that the peak effect of the combination elements
coincided in time. Latency on the rotarod instrument was noted in s (fall-off time). High
dose morphine (31.08 µmol·kg−1) was used as positive control.

4.4. Statistical Analysis

All values are presented as mean ± standard error of means (S.E.M.). The statistical
analysis was performed using GraphPad Prism software (version 8.0.1; GraphPad Software
Inc., San Diego, CA, USA). p < 0.05 was considered statistically significant. Two-way
ANOVA followed by Tukey’s post hoc test was used for multiple comparisons between
related groups. One-way ANOVA followed by Fisher’s LSD post hoc test was used to
compare independent groups. The post hoc tests were conducted only if F in ANOVA
achieved p < 0.05. ROUT analysis was performed to identify outliers, with Q value = 0.5%.

5. Conclusions

AT1 antagonists attenuated mononeuropathic pain after acute treatment. A subanal-
gesic dose of telmisartan in combination with a subanalgesic dose of morphine proved
to be effective against NP and morphine analgesic tolerance. Concomitantly, telmisartan
administration also restored morphine potency in neuropathic rats and delayed morphine
tolerance. Thus, in conditions with a loss of opioid efficacy, such as neuropathic pain
or the development of opioid analgesic tolerance, telmisartan may make adequate pain
control achievable. This can be carried out by finding entirely new pharmacological targets,
or by exploiting multitarget treatment options that improve the efficacy of the available
agents. These findings may provide the preclinical basis for the use of telmisartan in pain
conditions with opioid impairment and raise the possibility of repurposing angiotensin
receptor blockers in NP or opioid analgesic tolerance.



Int. J. Mol. Sci. 2023, 24, 7970 15 of 18

Author Contributions: Conceptualization, D.Á.K., K.K., T.T. and M.A.-K.; formal analysis, D.Á.K.,
K.K. and M.A.-K.; funding acquisition, D.Á.K., A.R.G., S.B. and M.A.-K.; investigation, D.Á.K., A.R.G.,
P.P.L., J.A., S.K.A., M.B., N.E. and E.S.; methodology, D.Á.K., Z.V.V., É.S., T.T. and M.A.-K.; project
administration, D.Á.K., A.R.G., P.P.L. and J.A.; resources, D.Á.K., S.B. and T.T.; supervision, M.A.-K.;
validation, D.Á.K., K.K. and P.R.; visualization, D.Á.K.; writing—original draft, D.Á.K. and M.A.-K.;
writing—review and editing, D.Á.K., A.R.G., M.B., K.K., P.R., Z.V.V., É.S., T.T. and M.A.-K. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the ÚNKP-22-3-II-SE-31 new national excellence program
of the ministry for culture and innovation from the source of the national research, development
and innovation fund, awarded to D.Á.K. D.Á.K. and A.R.G. were supported by “Semmelweis
250+ Kiválósági PhD Ösztöndíj” (EFOP-3.6.3-VEKOP-16-2017-00009). The study was supported by
the Higher Education Institutional Excellence Programme of the Ministry of Human Capacities in
Hungary, within the framework of the Neurology Thematic Programme of Semmelweis University
(TKP 2021 EGA-25).

Institutional Review Board Statement: All housing and experiments were performed in accordance
with the European Communities Council Directives (2010/63/EU), the Hungarian Act for the Protec-
tion of Animals in Research (XXVIII.tv. 32.§) and local animal care committee (PEI/001/276-4/2013
and PE/EA/619-8/2018). Experimenters applied their best efforts to minimize the number of animals
and their suffering.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Figure A1. PWT values of the left (intact) paws of animals treated with losartan or telmisartan or
their vehicles in the acute experiments. Graphs show the means of PWT ± S.E.M. in grams, after the
pSNL in the indicated time points and treatment groups.

Figure A2. Dose–response curves of losartan (a) and telmisartan (b) in mononeuropathic animals
obtained with DPA. Antinociceptive effect (%) was calculated at peak effect (60 or 120 min for losartan
and telmisartan, respectively) as (PWTpeak e f f ect/ PWTbaseline)× 100− 100. ED50 values calculated
from the linear regression are 107.7 and 48.5 µmol·kg−1 BW for losartan and telmisartan, respectively.
Graphs show the means of the antinociceptive effect ± S.E.M.
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