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Opioids are broadly used as therapeutic agents against moderate to severe acute and chronic pain. Noticeably,
these analgesics have many limitations as they induce analgesic tolerance, addiction, physical dependence,
respiratory depression, and various other behavioural adverse effects that often result in patient non-compliance. In
addition, the actual mechanisms of opioid-induced adverse reactions over long-term use are not entirely

understood.

opioids morphine analgesia adverse effects

| 1. Introduction
1.1. Pain

According to the International Association for the Study of Pain (IASP), pain is defined as an unpleasant sensory
and emotional experience associated with actual potential tissue damage or described in terms of such damage 2.
Pain can be categorised as nociceptive, neuropathic or nociplastic pain (a combination of both that cannot be
entirely explained as nociceptive or neuropathic). Nociceptive pain is generated as a warning signal transmitted to
the brain about the possible damage of a non-neural tissue 2. In contrast, neuropathic pain usually results from
damage to neural tissue by a disease, toxin or infection W&l The third type of pain, the nociplastic pain, is a
complex pain, not completely defined but probably caused by an alteration of neurons’ pain response and an
increased sensitivity of the central nervous system (CNS). Nociceplastic pain generally presents over 3 months of
duration with symptoms such as hyperalgesia and regional pain sensations and is commonly observed in patients
with cancer and other long-term chronic disorders HEI€l The opioid system is a physiological control system that
modulates pain, emotions, immune defence and various other physiological responses. The opioid system involves
the communication and coordination of a significant number of endogenous opioid peptides and several types of
opioid receptors in the CNS and peripheral nervous system. This system also significantly modulates numerous
sensory, emotional, motivational and cognitive functions, as well as addictive behaviours (B8 1t is also involved
in other physiological functions, including responses to stress, respiration, gastrointestinal transit, endocrine and
immune functions (2%, These responses are orchestrated by opioid ligands that bind to specific opioid receptors to
induce analgesia and behavioural effects in vivo. Therefore, to understand the pharmacological effects of specific

opioids, it is first essential to clarify the specific roles of each opioid receptor type.

1.2. Opioid Receptors
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The presence of opioid receptors was first proposed in 1954 11 However, the first evidence of the multiplicity of
opioid receptors was only described in 1976 12 According to the International Union of Basic and Clinical
Pharmacology (IJUPHAR) and the British Pharmacological Society (BPS) joint IUPHAR/BPS Guide to
Pharmacology, opioid receptors are classified into p (Mu: MOP), & (delta: DOP) and k (kappa: KOP) receptors, as
well as the non-classical nociception (NOP) receptor [13,14].

Opioid receptors belong to the family of seven-transmembrane helical G protein-coupled receptors (GPCRs) and
share about 60% homology in the amino acid composition. These receptors display an extracellular N-terminus
and an intracellular C-terminus and are coupled with heterotrimeric Gi/Go proteins L3114l15]1 Opioid ligands bind to
opioid receptors by establishing ligand—receptor interactions in the binding pockets of the receptor, which are
situated in the transmembrane helices. The binding pocket of opioid receptors can be divided into two distinct
regions; the lower part (intracellular side) of the receptor is highly conserved for opioids (non-specific ‘message’
region), and the higher part of the pocket (extracellular side) contains divergent residues that confer selectivity
(‘address’ region) to opioid receptor types; binding also depends on the type of the opioid ligand 187 |n 2012, the

first molecular structures of all four opioid receptors were described in several reports [181[28][19][20]

Although all types of opioid receptor types modulate analgesia, the MOP receptor is thought to be dominant for its
pain-relieving effects [211221[23124] The major limitation of targeting the MOP receptor for analgesia is that it is also
responsible for the induction of tolerance 23 and other undesirable adverse effects including addiction 281271,
dependence, respiratory depression (28 and constipation 22, The MOP receptor is expressed in the brain, spinal
cord and elsewhere in the body, and the adverse effects are relevant to its site of activation 261 For example, in the
gut, MOP receptor activation can cause constipation. However, the most important activation site is in the brain, as
the MOP receptor drives hedonic reward, reinforcing, addictive, tolerance, dependence and withdrawal symptoms
(39 |t is presumed that peripherally restricted MOP receptor agonists (that do not pass the blood-brain barrier)
mediate local analgesia (effective against inflammatory or neuropathic pain) with reduced centrally mediated
adverse effects 261, MOP receptor-related adverse events are of great clinical concern and justify the
characterisation of other opioid receptor types as suitable drug targets to induce analgesia. Unfortunately, the other
three opioid receptor types (DOP, KOR and NOP receptors) do not have the same efficacy in mediating analgesia
compared to the MOP receptor. DOP receptor agonists are generally less effective to treat acute thermal pain
compared to inflammatory (18283 neyropathic (2433 and cancer-associated bone pain B8, SNC80 and
deltorphin II, two selective DOP receptor agonists, show significant anti-hyperalgesic effects, but these agonists
are less potent or less efficacious in inducing thermal antinociceptive effects 32, In addition, the use of DOP
receptor agonists is limited, since DOP receptor-induced analgesia appears to require the presence of a pro-
inflammatory state B7[B8 While DOP receptor agonists only produce moderate analgesia in non-human primates
[39)[40141] ' despite being effective in rodent models of chronic pain 42, they are associated with convulsions in mice
43l and non-human primates [B24A11] - Additionally, KOP receptor agonists are reported to reduce visceral 441145
inflammatory “€l471 and neuropathic pain 4849 byt they also produce CNS-associated adverse events (i.e.,
dysphoria, psychotomimesis) BABLE2 \While selective KOP and DOP receptor agonists lack some of the MOP
receptor-mediated liabilities, such as constipation, respiratory depression and addiction, they display a side effect

profile of their own B3], Several NOP receptor agonists are reported to have antinociceptive effects in rodent 24153
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and primate models BEIB7B8 and are associated with a reduced risk for abuse B2, However, systemic
administration of NOP agonists did not produce spinal analgesia in rodents Bl while showing efficacy after
intrathecal administration in primates and rodent models of neuropathic pain B2IB8I5962] Overall, MOP receptor
agonists, despite their adverse effects, remain the most efficacious drugs in providing pain relief and are thus

widely used in the clinic [24163],

In the investigation on the role of specific opioid receptors and their ligands in pain modulation, antinociceptive
tolerance and adverse behavioural effects, the generation of knockout animals has provided significant knowledge
on the in vivo physiological role of the opioid system. For example, in MOP receptor knockout mice, MOP receptor
agonist-induced antinociception and their associated side effects (e.g., hyperlocomotion, respiratory depression,
inhibition of gastrointestinal tract transit, reward and withdrawal effects) were effectively abolished 21641631 At the
same time, morphine efficiently induced analgesia in DOP 88 and KOP 2 receptor knockout mice, albeit with
reduced adverse effects (i.e., tolerance and withdrawal response). Similarly, KOP receptor agonists are also
reported to induce analgesia in MOP 88 and DOP [88] receptor knockout mice, while predictably, in KOP receptor
knockout animals, this effect was not observed 2. However, DOP receptor agonists show only reduced levels of
analgesia in DOP receptor knockout mice 68 although a mixed effect (decreased/maintained) on analgesia was

observed in MOP receptor knockout mice 681691,
1.3. Endogenous Opioid Ligands

Opioid ligands are from both endogenous and exogenous origins. Evidence of the existence of endogenous
ligands for the opioid receptors was obtained in the 1970s, and the structures of [Leu]- and [Met]-enkephalin were
reported in 1975 /9. Endogenous opioid peptides are found in the CNS and peripheral nervous system and in the
gastrointestinal tract 1. These peptides are derived from the four different precursors pro-enkephalin, pro-
dynorphin, pro-opiomelanocortin and prepro-nociceptin L3I72[73174] prg-enkephalin contains two 267 amino acid
polypeptides X2, and mainly produces the pentapeptides [Leu]- and [Met]-enkephalins 8T with selectivity for
MOP and DOP receptors. Dynorphins are mainly big dynorphin, dynorphin A, dynorphin B and a-neo-endorphin
and interact mainly with the KOP receptor 879 Endorphins are derived from pro-opiomelanocortin 2 and are
expressed as o-, B- and y-endorphins B, While endorphins activate the MOP receptor, the prepro-nociceptin-
derived neuropeptide nociceptin/orphanin FQ binds to the NOP receptor [Z. Endogenous opioids affect a multitude
of physiological functions, such as pain modulation and analgesia, stress and emotional responses, tolerance and
dependence, learning and memory, addiction, sexual activity and control of hormone levels, neurological disorders,
eating and drinking behaviour, gastrointestinal, renal and hepatic functions, cardiovascular responses, respiration,

thermoregulation and immunological responses [821(83],

1.4. Exogenous Opioid Ligands

Over more than 8000 years, the poppy plant (Papaver somniferum) and the opioids derived from it have been used
for pain relief. In a Sumerian ideogram, the poppy plant was known as a “plant of joy” [83l. Crude opium admixtures
were widely used in different British and German medicines in the 16th century, and effects like pain tolerance and

physical dependence on opioids were noted at this time. In 1805, Friedrich Sertlrner isolated morphium (morphine)
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and named it after the Greek god Morpheus (the “God of sleep and dreams”). Within two decades after the initial
isolation of morphine, commercial production of morphine started, and morphine became available on the
European market. Subsequently, after the invention of hypodermic syringes in the middle of the 19th century,

morphine was injected systematically into painful areas [£3].

Currently, different alkaloids extracted from the poppy plant (Papaver somniferum), including opium, morphine and
codeine, are still used for pain relief, mood disorders and palliative care. In addition, several semi-synthetic and
synthetic opioids, such as buprenorphine, dextropropoxyphene, hydromorphone, oxycodone, pethidine, fentanyl,

methadone, tapentadol and tramadol, are widely used in patients that suffer from surgical or chronic pain 841,

| 2. Opioid-Induced Adverse Effects

2.1. Analgesic Tolerance

The development of analgesic tolerance to opioids after repetitive administration is one of the major limitations for
their chronic use in the clinic. Morphine is one of the most effective and widely prescribed drugs against severe
pain 24831 However, long-term morphine treatment is discouraged in the clinic due to the risk of adverse effects,
including analgesic tolerance (887 Tolerance manifests as decreased drug efficacy following repeated
administration B8, Therefore, to maintain efficacy, dose increments are required, which in turn contribute to
generating cellular desensitisation, tolerance, physical dependence and behavioural withdrawal symptoms. In
addition, increased morphine dosing is frequently required due to amplified disease progression rather than

analgesic tolerance 82,

The clinical management of analgesic tolerance involves opioid rotation and the combination of opioids with
adjuvants [RUBLIE28] - Adjuvants, such as gabapentin, pregabalin, dexamethasone, naproxen, ibuprofen,
carbamazepine, aspirin, venlafaxine and acetaminophen, are combined with opioid analgesics in patients that
require long-term analgesic treatment 241931 Similarly, in preclinical studies, a combination of opioids and non-
opioid adjuvants or combinations of opioid agonist and antagonist are used to prevent antinociceptive tolerance 28
(971981991 ' The activation of the opioid receptors leads to receptor phosphorylation by GPCR kinases, which
promotes the interaction with B-arr 109101 Both phosphorylation and interaction with B-arr are required for
subsequent receptor internalisation [22U10L Thjs internalised receptor can be proteolytically degraded. However,
receptors can also be recycled in endosomes to be returned to the cell membrane 291192 This process is called
receptor trafficking. In addition, de novo receptor synthesis ensures that new opioid receptors are produced and
transported to the cell membrane via the trans-Golgi network 19, Prolonged treatment with opioids increases the
number of inactive (phosphorylated) receptors on the membrane, as well as the number of de novo synthesised
receptors [R0L102] A clinical study on the use of opioids in cancer-related chronic pain showed that chronic
administration of opioids induces increased methylation of the MOP receptor gene (OPRM1) on peripheral
leucocytes and causes analgesic tolerance, but the article reported that a preclinical study on mice showed that

targeted re-expression of the MOP receptor (by gene therapy) in cancer cells can reverse analgesic tolerance 93],
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Specifically, chronic exposure to morphine leads to the selective recruitment of B-arr2 but not of B-arrl 204, |n
contrast to the interaction with B-arrl, which leads to receptor recycling, B-arr2 does not results in opioid receptor
recycling but increases the number of inactive receptors on the cell membrane. This process is associated with
insufficient analgesia [224. Although the molecular mechanisms that lead to opioid tolerance are not entirely clear,
both desensitisation and trafficking are assumed to be the key factors that lead to insufficient analgesia [£031[101][104]
(2081 Although it is essential to delineate the exact molecular mechanisms resulting in opioid tolerance [£041[107][108]
(20911101 ' jt is also important to understand how chronic morphine dosing itself can influence analgesic tolerance

and associated behavioural dependence [111112]

The antinociceptive effects of morphine and other opioids in preclinical studies are commonly measured as central
(brain and spinal cord) or peripheral antinociception 1131141 The commonly used tail-flick test potentially measures
spinal-mediated nociception, while the hot-plate assay largely measures supraspinal-mediated nociception [1141[15],
Generally, one such antinociception test is performed in preclinical studies with repeated morphine treatment. As a
result, the progression of antinociceptive tolerance measured by a single pain assay may be different when using

another assay 112,
2.2. Addiction and Physical Dependence

Apart from analgesic tolerance, long-term opioid treatment also causes behavioural adverse effects like physical
dependence and addiction to these drugs. Physical dependence consists of craving for a drug either for pleasure
or to avoid the occurrence of withdrawal symptoms following a reduction of the treatment dose or the intake of an
opioid receptor antagonist 12811171 Addiction indicates a loss of control of opioids use 17, Physical dependence is
associated with the upregulation of cAMP and noradrenergic signalling in the locus coeruleus (LC) neurons of the
dorsal pontine tegmentum of the brainstem 118119111201 The molecular mechanism that initiates physical
dependence and reward is associated with repeated opioid treatment [118I12111122] Briefly, MOP receptor binding
with opioids, like morphine, causes dopamine release by dopaminergic neurons in the VTA, VTA neurons transfer
dopamine to the NAc, and this induces a pleasure feeling 221 (Figure 1). After chronic intake of opioids, a larger
amount of opioids is required gradually to stimulate the VTA neurons and sustain the release of a similar amount of
dopamine in the NAc. Thus, patients become dependent and tend to take more drugs to feel better 221, The LC

region of the brain that controls noradrenaline release is responsible for the dependence and reward processes
121
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Figure 1. Opioid-induced analgesic and behavioural effects. Abbreviations: GABA, gamma-aminobutyric; cCAMP,
cyclic adenosine monophosphate; PKA, protein kinase A; CRE, cAMP-responsive element; CREB, cAMP-
responsive element binding protein; D1, dopamine receptor-1; DARPP-32, dopamine- and cAMP-regulated
phosphoprotein of 32 kDa; NMDA, N-methyl-D-aspartate receptor; PDEs, Cyclic nucleotide phosphodiesterases;
NA, noradrenaline, VTA, ventral tegmental area; NAc, nucleus accumbens. Symbols: solid arrow, strong activation;
dashed arrow, moderate activation; solid T-shaped line, strong inhibition; dashed T-shaped line, moderate
inhibition, upward arrow, increased effect; downward arrow, decreased effect. The figure was made
with www.biorender.com (accessed on 16 November 2021) and adapted from 10.3390/ph14111091.

Endogenous opioids bind to opioid receptors in neuronal cell bodies of the LC and stimulate adenylyl cyclase to
convert ATP to cAMP, but acute opioid intake, e.g., of morphine or heroine, inhibits the conversion, and as a result,
less CAMP is produced. As noradrenaline release is stimulated by cAMP, less noradrenaline is released in the LC
(1211 Noradrenaline stimulates wakefulness, respiration, and several other processes. Repeated opioids intake
causes desensitisation of the opioid receptors; thus, neuronal cells produce a similar amount of ATP and cAMP in
the presence of a higher concentration of opioids in the LC 121, Chronic morphine administration increases the

levels of type | and VII of adenylyl cyclase, PKA subunits and several phosphoproteins (e.g., CREB) and results in
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the hyperactivation of the cAMP pathway 212 (Figure 1). Then, if the patient stops taking opioids, this causes a
massive release of noradrenaline in the LC neurons, which causes anxiety, nervousness and muscle cramps (121],
Clinical guidelines for long-term opioid use propose a “start low and go slow” dosing regimen to prevent addiction,
physical dependence, overdosing or abuse [88I123I[124][1251[126][127] Therefore, clinical guidelines propose

administering the smallest effective dose 128, rather than aiming for adequate long-term pain relief (122,
2.3. Constipation

Constipation is a very common unwanted side effect of opioids and is caused by the activation of the MOP receptor
in the enteric nervous system 130131 Opjoids bind to MOP receptors in enteric neurons and delay gastrointestinal
(Gl) transit time, which also stimulates non-propulsive Gl motility and pylorus and ileocecal sphincters [0,
Morphine treatment increases the expression of aquaporin-3 (AQP3) water channels in the colon by increased
secretion of serotonin (5-HT), which increases water absorption from the luminal part to the vascular part of the
colon 2321, As a result, constipation develops by increased fluid absorption from the large intestine along with less
electrolyte secretion by the intestinal lumen 21, |n contrast, chronic morphine treatment does not produce
tolerance to reduced Gl motility in the lower Gl tract, while it induces analgesic tolerance and leaves Gl motility
unaffected in the upper Gl tract 138l As a result, patients over a long-term opioid treatment continuously suffer from
constipation. Constipation affects about 40% of patients with chronic oral opioid treatment, and therefore, different
laxatives and non-medication approaches (e.g., fibrous diet, hydration) are used to provide comfort to the patients
[116][134][135][136] | addition, opioids combined with a low dose of opioid antagonists, such as naloxone,

methylnaltrexone or alvimopan, are effective in reducing constipation without affecting pain relief and induce fewer
withdrawal symptoms [1361[137][138][139]

2.4. Respiratory Depression

Respiratory depression occurs less frequently compared to other adverse effects, but typically, it can have fatal
consequences 118111401 Simijlar to the other side effects, opioid-induced respiratory depression is mediated by the
MOP receptor 144[142]1143] For example, fentanyl does not induce respiratory depression in MOP receptor
knockout mice, indicating that the MOP receptor is responsible for respiratory depression 2441, Neurons of the pre-
Botzinger complex, a sub-region of the ventrolateral medulla, are responsible for controlling autonomic neuronal
functions, including normal respiration 243 The neurons of the pre-Bétzinger complex express a variety of
receptors including neurokinin-1, serotonin (5-HT) and MOP receptors 1431, |nhibition of neurons that generate
respiratory rhythms in the pre-Botzinger complex cause respiratory depression [143. MOP receptor activation
inhibits adenylyl cyclase and reduces the synthesis of intracellular cAMP, which is thought to depress the
respiratory neurons, as reduced cAMP levels in the cytoplasm reduce neuronal excitability by an unknown
mechanism 2% On the other hand, serotonin receptors in this region stimulate respiration 14211461 The 5-HT1(a)
receptors are expressed widely on respiratory neurons and are stimulated by reduced cAMP levels that activate
the glycine receptor type a3 (GlyRa3) 147 The activated GlyRa3 receptor inhibits neurons contributing to
respiratory depression. This effect is independent of the MOP receptor-induced signal transduction pathway 2471,
Therefore, multiple non-opioid receptors together with the MOP receptor are involved in the control of respiration

and opioid-induced respiratory depression. Although high-dose opioid users are at risk of respiratory depression
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(148] 5 selective peripherally selective opioid antagonist can effectively reduce the incidence of respiratory

depression without significant withdrawal symptoms 149,
2.5. Other Adverse Effects

In addition to analgesic tolerance, physical dependence and addiction as major adverse effects of long-term opioid
treatment, this discussion also needs to address other behavioural side effects observed in the clinic 159,
Morphine-induced biphasic behavioural effects are well known from preclinical studies and include initial motor
suppression and subsequent hyper-excitation [L51I[152I[153][154]155|[156][157] ' An open-field arena is widely used to
assess motor behaviour and typically includes horizontal movement, rearing (vertical movement) and turning
behaviour. Morphine-induced horizontal locomotion, turning and circling behaviours are related to the dopaminergic
system [124]1158][159][160] Njorphine treatment induces the dopamine receptor-1 (D1)-dependent Barr-2/phospho-
ERK (Barr2/pERK) signalling complex, which stimulates morphine-induced horizontal locomotion. However, the
effects were absent in D1 and D2 receptor knockout mice [61  Acute morphine administration induces
phosphorylation of dopamine- and cAMP-regulated phosphoprotein of 32 kDa (DARPP-32), which activates the D1
receptor on dopaminergic neurons of NAc, substantia nigra and dorsal striatum and stimulates locomotor activity
(161][162][163]164] The D1, D2 and D3 receptors are responsible for the control of locomotion, learning and memory-
related functions 162l Opioid-induced activation of p;-opioid receptor decreases gamma-aminobutyric (GABA)
release in co-localised GABA, receptors in the ventral tegmental area (VTA), but stimulates dopamine release in
the NAc, as the dopaminergic neurons in the NAc emerge from the VTA [268 (Figure 1). The VTA, NAc (ventral
striatum) and substantia nigra dopaminergic system is also involved in motivation-, reward- and addiction-related
behaviour LE7IL68IIEALT0]  Noticeably, the effects of chronic morphine treatment on cAMP/PKA/DARPP-32
signalling are not fully understood at present. However, rearing behaviour can indicate increased exploration and
reduced anxiety, which are related to GABA inhibitory neurotransmission ZLL72173]  Activation of the CREB
transcription factor regulates anxiety-related behaviours, as CREB-deficient mice show an increased anxiogenic
response 174l However, the behavioural changes in response to chronic morphine treatment are independent of
MOP receptor, cyclin-dependent kinase 5 (cdk5) or adenylyl cyclase activities in relevant areas of the brain 73],
Studies suggested that the morphine-induced behavioural effects are probably derived from its binding to the KOP
receptor but not to the MOP receptor LZ8IL77] The likely multiple mechanisms that link chronic morphine treatment
to its behavioural effects are not completely understood but may be controlled by a combination of dopaminergic,
GABAergic, opioidergic and additional unknown neuronal signals [10I161I[162][163|[171][172][173] The combination of

multiple independent behavioural measurements is generally regarded as the most reliable approach to assess the
total motor effects induced by opioids [122][153[178][179][180]
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