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Abstract

As we all know, opioids are the drugs of choice for treating severe pain. However, very 

often, opioid use leads to tolerance, dependence, and hyperalgesia. Therefore, understanding 

the mechanisms underlying opioid tolerance and designing strategies for increasing the efficacy 

of opioids in chronic pain are important areas of research. Microglia are brain macrophages 

that remove debris and dead cells from the brain and participate in immune defense of the 

central nervous system during an insult or injury. However, recent studies indicate that microglial 

activation and generation of proinflammatory molecules (e.g., cytokines, nitric oxide, eicosanoids, 

etc.) in the brain may contribute to opioid tolerance and other side effects of opioid use. In this 

review, we will summarize the evidence and possible mechanisms by which proinflammatory 

molecules produced by activated microglia may antagonize the analgesic effect induced by 

opioids, and thus, lead to opioid tolerance. We will also delineate specific examples of studies that 

suggest therapeutic targets to counteract the development of tolerance clinically using suppressors 

of microglial inflammation.
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1 | INTRODUCTION

Although acute pain serves as a warning signal for our body from preventing injury and 

avoiding further aggravation, chronic pain often does not serve this protective role. In fact, 

it is an unwanted public health epidemic, which affects approximately 20% population 

worldwide (Cohen et al., 2021; Goldberg & McGee, 2011). On one hand, chronic pain is 

associated with injury, insults, and many human disorders, and on the other, chronic pain is 

also considered a separate disease in its own right that casts enormous impact on the quality 

of human life. Accordingly, multiple factors are known to influence the etiology of chronic 

pain (Fillingim et al., 2016; Mills et al., 2019). Even when there is a primary causing event 
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in the origin of chronic pain (e.g., injury), a number of secondary events (e.g., sedentary 

lifestyle, as well as psychological, social, emotional, and physical states of the suffering 

individual) come in to promote pain chronicity. Despite intense investigations, effective pain 

management, especially for chronic pain, remains a challenge.

2 | CONTROLLING CHRONIC PAIN WITH OPIOIDS

Although there are severe side effects or even death caused by opioid intake, until now, 

opioids remain the mainstay for relieving pain. Opioid receptors are G-protein-coupled 

receptors present in the central nervous system (CNS). Opioids function pre-synaptically 

and post-synaptically by binding to their receptors on cell membranes. It is known that the 

binding of an opioid to the μ-opioid receptor (MOR) transduces receptor phosphorylation, 

facilitating the release of G-protein subunits and initiation of a cascade leading to 

reduction of adenylyl cyclase, decrease in intracellular cyclic adenosine monophosphate 

(cAMP) levels, and regulation of ion channels (Hines & Owings, 2021; Pepe et al., 

2004). These signaling events inhibit neurotransmitter release to induce hyperpolarization 

of the cell membranes and modulate the activation of nociceptors, ultimately leading to 

analgesia. Morphine, codeine, hydrocodone (Vicodin), and oxycodone (OxyContin) are 

widely prescribed opioids for pain control (“Opioids for pain,” 2022).

3 | OPIOID TOLERANCE

Opioid pain relievers are very effective when taken for a short time and as prescribed by a 

doctor. But long-term use of opioids often diminishes their analgesic effects, and escalation 

of the dosage/frequency or switching to more efficacious drugs is required to maintain 

the same efficacy, that is, tolerance occurs. Moreover, because they produce euphoria in 

addition to pain relief, they can be misused (taken in a different way or in a larger quantity 

than prescribed, or taken for a long time without a doctor's prescription). Chronic opioid 

exposure may stimulate body's protection mechanism against the drug to reduce the body's 

responsiveness to the drug, thereby requiring dose escalation to exert the same effect leading 

to opioid tolerance (Morgan & Christie, 2011). Accordingly, efforts to treat and control 

chronic pain with opioids have been complicated by opioid tolerance, contributing to the 

widespread opioid overuse that has become a national crisis affecting public health as 

well as social and economic welfare (Shipton et al., 2018; Skolnick, 2018). The National 

Institutes of Health has also taken a new initiative “Helping to End Addiction Long-term 

(HEAL)” to promote research into pain and opioid disorders including opioid tolerance 

(Volkow & Koroshetz, 2019).

The development of opioid tolerance is related to modulation of opioid receptors such as 

post-translational modification, endocytosis, desensitization, down-regulation, and G-protein 

uncoupling (Allouche et al., 2014). In addition to the functional modulation of opioid 

receptors, it has been shown that chronic opioid exposure induces microglia activation 

indicated by their morphology change from ramified shape to activated amoeboid form, 

and accompanied by the increase in cell surface markers such as CD11b (Ferrini et al., 

2013). These changes are similar to the microglia activation induced by inflammation or 

neuropathic pain (Gu et al., 2022; Loggia et al., 2015; Roberts et al., 2009). Activated 

Pahan and Xie Page 2

J Neurosci Res. Author manuscript; available in PMC 2024 September 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



microglia release a variety of proinflammatory cytokines and chemokines to exacerbate 

pain, and chemokines may also induce desensitization of MOR in neuronal cells (Chen et 

al., 2018; Zhang et al., 2004).

4 | FUNCTIONS OF MICROGLIA

Microglia, which under normal conditions constitute 2%–5% of total CNS cells, are 

basically known as CNS resident macrophages (Harry, 2013). Although astrocytes are the 

major glial cells in the CNS providing structural and nutritional support (Mazaud et al., 

2021), it is microglia that deliver first line of defense in the CNS against any insult and 

injury (Leng & Edison, 2021). In addition to providing neuroimmune defense, microglia 

also have an important repairing function through scavenging unwanted bodies in the 

CNS. However, upon activation, microglia produce a number of proinflammatory molecules 

including proinflammatory cytokines [e.g., tumor necrosis factor-α (TNFα), interleukin-1α 
(IL-1α), interleukin-1β (IL-1β), interleukin-6 (IL-6)], proinflammatory chemokines [e.g. 

macrophage inflammatory protein-1 alpha (MIP-1α), RANTES (regulated upon activation, 

normal T cell expressed and secreted), inducible protein-10 (IP-10)], nitric oxide (NO), 

reactive oxygen species (ROS), etc., which ultimately destroy the invading virus or bacteria 

(Barger & Harmon, 1997).

Traditionally, in proinflammatory state, microglia are termed M1 microglia (Pozzo et al., 

2019; Zhang et al., 2018). Proinflammatory molecules released from M1 microglia are 

capable of damaging neurons and myelin-forming oligodendrocytes in the CNS (Brown 

& Vilalta, 2015; Harry, 2013). Therefore, multiple neurodegenerative (e.g., Alzheimer's 

disease, Parkinson's disease, HIV-associated neurocognitive disorders, Huntington's disease, 

amyotrophic lateral sclerosis, etc.) and neuroinflammatory (e.g., multiple sclerosis, optic 

neuritis, etc.) disorders are found to involve M1 microglial activation (Saijo et al., 2010).

On the other hand, the alternatively activated microglia (M2) phenotype, characterized 

by the production of anti-inflammatory molecules, such as IL-4, IL-10, and transforming 

growth factor-β (TGF-β), are considered to be anti-inflammatory and neuroprotective 

(Pozzo et al., 2019; Zhang et al., 2018).

This kind of dichotomy (M1 vs. M2, proinflammatory vs. anti-inflammatory) has been 

disputed by recent evidence since microglia are constantly changing their morphology and 

functions to sample the extracellular environment and respond to the changes [see review 

(Paolicelli et al., 2022)]. We will avoid using M1/M2 nomenclature in this manuscript. 

Rather, we will focus on the effects induced by different conditions.

5 | MICROGLIAL INFLAMMATION IN OPIOID TOLERANCE

5.1 | Opioid receptor expression in microglia

While activation of opioid receptors [μ (mu: MOR), δ (delta: DOR), κ (kappa: KOR), and 

the nociceptin/orphanin FQ peptide (NOP) receptor] in neurons leads to analgesia, microglia 

express MOR and possibly KOR, too, but not DOR (Eisenstein, 2019; Machelska & Celik, 

2020; Mika et al., 2014).

Pahan and Xie Page 3

J Neurosci Res. Author manuscript; available in PMC 2024 September 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The presence of MOR in microglia has been shown at Oprm1 mRNA and protein levels in 

rodents and humans (Maduna et al., 2018; Rivat & Ballantyne, 2016). Conditional deletion 

of the MOR gene is able to deter the development of morphine analgesic tolerance, opioid-

induced hyperalgesia, as well as dependence in mice (Reiss et al., 2022), highlighting the 

pivotal role of microglia in mediating opioid tolerance.

5.2 | How does activation of opioid receptors stimulate microglial inflammation?

Multiple studies report that agonism of opioid receptors, especially by the most clinically 

relevant opioids—MOR agonists (e.g., morphine and fentanyl), leads to microglial activation 

in the key areas involved with analgesia such as spinal cord and periaqueductal gray (Aceves 

et al., 2019; Liang et al., 2016; Matsushita et al., 2013; Merighi et al., 2013; Reiss et 

al., 2022; Yang et al., 2021). In cell culture experiments, morphine has been observed to 

stimulate the expression of IL-1β from primary mouse microglia (Liang et al., 2016) and 

mouse BV-2 microglial cells (Pan et al., 2016). In a mouse brain cell line, bEnd3 cells, 

morphine markedly induces the mRNA expression of TNFα and IL-6, although it does 

not increase the mRNA expression of IL-1β (Pan et al., 2016). Similarly, in a chronic 

constriction injury (CCI)-induced neuropathic pain model in rats, morphine treatment leads 

to the activation of NOD-like receptor protein 3 (NLRP3) inflammasomes and associated 

production of IL-1β in the spinal cord (Grace et al., 2016).

While investigating mechanisms, Wang et al. (2012) and Eidson and Murphy (2013) 

observed that morphine induces the expression of proinflammatory cytokines through 

binding to Toll-like receptor 4 (TLR4), inducing TLR4 signal transduction pathway and 

activation of downstream p38 mitogen-activated protein kinase (MAPK) and classical 

nuclear factor-κB (NF-κB) pathways (Figure 1). According to Merighi et al. (2013), 

morphine increases the level of TNFα, IL-1β, IL-6, and NO in microglial cells via MOR-

mediated transduction of PKCε-ERK1/2 signaling pathway (Figure 1).

5.3 | Microglial cytokines in opioid analgesic tolerance

The critical role of microglial-secreted proinflammatory cytokines in the development of 

opioid analgesic tolerance has been demonstrated repeatedly. Proinflammatory cytokines 

are capable of enhancing the hyperactivity of dorsal horn neurons to counteract the anti-

nociceptive effects of opioids, which manifests as tolerance to morphine (Taves et al., 2013). 

Intrathecal treatment of etanercept, a TNFα biological antagonist, suppresses microglial 

activation to inhibit morphine tolerance (Shen et al., 2011, 2012). In addition, suppression 

of IL-1/IL-1β signaling by either gene knockdown or physiological antagonist prevents 

the development of tolerance following chronic morphine treatment (Johnston et al., 2004; 

Shavit et al., 2005).

On the other hand, chronic morphine treatment has been reported to reduce the production of 

IL-10, an anti-inflammatory cytokine produced by activated microglia, further facilitating 

the overexpression of proinflammatory cytokines since the normal inhibition of the 

production of TNFα, IL-1β, and IL-6 by IL-10 is compromised (Johnston et al., 2004; 

Tu et al., 2021). Whether morphine treatment could interfere with the production of other 

anti-inflammatory mediators such as IL-4 or TGF-β by microglia remains to be elucidated. 
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The roles of pro- and anti-inflammatory cytokines produced by activated microglia in the 

development of morphine analgesic tolerance are summarized in Figure 2.

5.4 | ROS and NO in opioid analgesic tolerance

Several studies have demonstrated that receptor phosphorylation leading to internalization, 

desensitization, and/or uncoupling of the receptor complex from intracellular cascades 

regulates opioid tolerance (Qiu et al., 2003; Schulz et al., 2004; Williams et al., 2013). 

Although there is no report that microglia-derived proinflammatory cytokines are directly 

involved with the phosphorylation and desensitization of opioid receptors, activated 

microglia are known to release multiple oxygen radicals or ROS (Simpson & Oliver, 2020). 

It has been shown that ROS are capable of activating different protein kinases including Src 

tyrosine kinase (Chiarugi, 2008). According to Huang et al, proinflammatory cytokine IL-1β 
also induces the activation of Src in neurons via IL-1 receptor accessory protein (Huang 

et al., 2011). Interestingly, Src can phosphorylate MOR at Tyr 336, and this Src-dependent 

phosphorylation of MOR appears to be responsible for the development of opioid tolerance 

(L. Zhang et al., 2017) (Figure 3). TNFα and oxygen radicals can also induce the activation 

of protein kinase C (PKC), which catalyzes the phosphorylation of MOR at Thr 370 for 

promoting its internalization (Illing et al., 2014) (Figure 3).

Moreover, activated microglia produce NO, and proinflammatory cytokines can also trigger 

production of NO from microglia (Mitrovic et al., 1994). According to Santamarta et al, NO 

is directly involved in the desensitization of MOR in locus coeruleus neurons (Santamarta et 

al., 2014). Therefore, via activation of Src and PKC and employing NO, activated microglia 

can cause and/or influence the phosphorylation and desensitization of MOR in neurons.

5.5 | Chemokines in opioid analgesic tolerance

Monocyte chemoattractant protein (MCP-1), also known as the C-C motif chemokine ligand 

2 (CCL2), plays an important role in neuroinflammation (Deshmane et al., 2009). Although 

the level of MCP-1 is very low in spinal cord under normal conditions, chronic morphine 

administration leads to marked increase in MCP-1 that mainly colocalizes with neurons, but 

not astrocytes and microglia (C. M. Zhao et al., 2012). Interestingly, intrathecal injection of 

functional blocking antibodies against MCP-1 reduces microglial activation in spinal cord 

and inhibits tolerance to morphine (Liu et al., 2017; C. M. Zhao et al., 2012), indicating 

a critical role of this chemokine in activation of microglia and opioid tolerance. Similarly, 

other chemokines such as C-X-C motif chemokine ligand 12 (CXCL12) and CXCL1 are 

also involved in microglial activation and opioid tolerance (Lin et al., 2015; Liu et al., 

2019; Rivat et al., 2014). This has been confirmed in humans. Lin and Lu (2018) reported 

that the level of CXCL1 and CXCL12 in the cerebrospinal fluid increases significantly 

in opioid-tolerant patients compared to opioid-naive patients, and these changes correlate 

positively with the opioid dosage, providing direct evidence of neuroinflammation following 

chronic opioid exposure.

5.6 | Glutamate receptors in opioid analgesic tolerance

Glutamate receptors play critical roles in synaptic plasticity. Studies have shown that 

morphine sensitization is capable of increasing the mRNA expression of N-methyl D-
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aspartate (NMDA) receptor subunits in vivo in the amygdala of rats (Sepehrizadeh et al., 

2008). Similarly, TNFα, one of the major proinflammatory cytokines produced by activated 

microglia, enhances the expression of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 

acid (AMPA) receptors (Beattie et al., 2002). Activation of AMPA receptors leads to the 

depolarization of the cells to enable the activation of NMDA receptors by releasing their 

Mg2+ block, and thus, allow Ca2+ entry to mediate the long-term changes in synaptic 

strength (Huang et al., 2018). Antagonists of NMDA receptors or targeted disruption of 

NR2A or NR2B decreases opioid tolerance (Price et al., 2000; Y. L. Zhao et al., 2012), 

indicating that activation of NMDA receptors plays a role in the development of opioid 

tolerance (Figure 3).

6 | IS INHIBITION OF MICROGLIAL ACTIVATION A FEASIBLE APPROACH 

FOR MITIGATING OPIOID ANALGESIC TOLERANCE?

Although mechanisms of opioid tolerance are complex that encompass crosstalk among 

many factors, such as neural networks, G-protein-coupled receptors, and ion channels, 

recent evidence demonstrates that microglia play a critical role in the commencement and 

progression of opioid tolerance. Therefore, clampdown of neuroinflammation by reducing 

microglial activation and decreasing the production of proinflammatory molecules might be 

a meaningful strategy for improving the analgesic efficacy of opioids and attenuating opioid 

tolerance. Here, we provide some examples of therapeutic targets that have been studied 

to dampen microglial reactivity to interfere with/attenuate/modulate morphine analgesic 

tolerance.

1. Cannabinoids type 2 (CB2) receptor antagonists: Opioids and cannabinoids 

are distinct classes of drugs. CB2 receptors are expressed by glia and engage 

inhibitory G-proteins (Bie et al., 2018). It has been reported that activation of 

CB2 receptors decreases morphine-induced stimulation of IL-1β, IL-6, TNFα, 

and NO in microglia (Merighi et al., 2013), suggesting that agonists of CB2 

receptor may be useful in reducing morphine-mediated microglial activation and 

hence morphine tolerance.

2. Metformin: It is an activator of 5′-adenosine monophosphate-activated protein 

kinase (AMPK) widely used as a first-line anti-diabetic medicine. It has been 

revealed that systemic administration of metformin suppresses morphine-induced 

activation of microglia in the spinal cord to attenuate the development of chronic 

morphine tolerance in mice (Pan et al., 2016). Moreover, studies have shown 

that metformin is capable of attenuating NF-κB activation in microglia (Abdi et 

al., 2021), a process that enables the transcription of different proinflammatory 

molecules in different cell types including microglia (Shabab et al., 2017), 

indicating an important mechanism by which metformin can control microglia-

mediated inflammation.

3. Minocycline: It is a second-generation tetracycline, known to inhibit the 

production of proinflammatory molecules from activated microglia via 

suppression of NF-κB activation (Kobayashi et al., 2013). In addition, 

minocycline treatment also blocks the effects of proinflammatory chemokine 
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CCL2 on dorsal root-evoked currents in spinal cord slices induced by MOR 

agonist [D-Ala2, N-Me-Phe4, Gly5-ol]-enkephalin (DAMGO) (Heles et al., 

2021). Thus, minocycline has been used widely as a pan microglia activation 

blocker. It has been shown that minocycline and other glial inhibitors can 

significantly delay the development of morphine analgesic tolerance in both 

naive and neuropathic states in rodents (Mika et al., 2009; Zhang et al., 2015). 

However, it is unable to reverse the established opioid tolerance in rodents or 

opioid-maintained patients (Arout et al., 2019; Zhang et al., 2015).

4. Melatonin: It is a hormone in our body that is released by the pineal gland to 

promote sleep and maintain circadian rhythms (Miranda-Riestra et al., 2022). 

As expected, chronic morphine infusion elicits anti-nociceptive tolerance and 

increases the level of heat shock protein 27 (HSP27) in the dorsal horn of 

the rat spinal cord (Lin et al., 2016; van Noort, 2008). HSP27 is selectively 

expressed in reactive glia. It has been suggested to play a pivotal role in 

mediating inflammation (van Noort, 2008). Treatment with melatonin partially 

restores morphine's anti-nociceptive effect in morphine-tolerant rats and reverses 

morphine-induced HSP27 upregulation (Lin et al., 2016). It is likely that 

melatonin exhibits these functions via suppression of microglial activation.

5. Signal transducer and activator of transcription (STAT) inhibitors: STAT proteins 

play an important role in the activation of microglia (Jain et al., 2021). 

Pinocembrin (5,7-dihydroxyflavanone), a natural flavonoid present in a wide 

variety of plants, exhibits anti-inflammatory, anti-cancer, and apoptotic effects 

(Rasul et al., 2013). It has been shown that pinocembrin effectively prevents 

and alleviates chronic morphine tolerance in mice through inhibition of STAT3-

mediated microglia activation and neuroinflammation (Han et al., 2022).

6. Epidermal growth factor receptor (EGFR) inhibitors: Yang et al. (2021) have 

described that EGFR inhibitors mitigated morphine-induced production of 

proinflammatory cytokines in microglia in a dose- and time-dependent manner, 

revealing the importance of EGFR in this process. Thus, blockade of EGFR 

signaling pathway may represent a pharmacological strategy to reduce morphine 

tolerance through attenuation of microglial activation.

7. TLR4/TLR2 blockers: Consistent with the finding that morphine requires TLR4 

for activating microglia (Figure 1), blockade of TLR4 is shown to decrease 

morphine tolerance and enable the analgesic properties of morphine (Eidson 

& Murphy, 2013). On the other hand, Zhang et al. (2011) have shown that 

mice deficient in TLR2 have blunted production of microglial proinflammatory 

cytokines induced by morphine. TLR2-deficient mice also exhibit reduced 

symptoms of morphine withdrawal (Zhang et al., 2011). Therefore, it is possible 

that inhibitors of both TLR2 and TLR4 are beneficial for reducing morphine 

tolerance.

8. Lidocaine: Although lidocaine is a local anesthetic that is known to prevent 

pain by blocking Na-channel activation at the nerve endings, one recent study 

has shown that it is capable of decreasing microglial activation and the levels 
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of proinflammatory cytokines in the spinal cord via stimulation of the AMPK-

SOCS3 signaling pathway, and thus, reducing morphine tolerance (Y. Zhang et 

al., 2017).

9. Resveratrol: It is a natural phenol mostly found in grapes and grape products. 

Interestingly, Han et al. have found that resveratrol can reduce morphine 

tolerance by inhibiting microglial activation via upregulation of AMPK signaling 

(Han et al., 2014).

10. TNFα inhibitors: Since TNFα is readily produced by morphine-stimulated 

microglia, TNFα antagonist, etanercept, has also been found to restore the 

anti-nociceptive effect of morphine via suppressing spinal neuroinflammation 

in morphine-tolerant rats (Shen et al., 2011).

11. IL-1 receptor antagonists (IL-1Ra): Similar to TNFα, morphine-activated 

microglia also release IL-1β/IL-1β (Merighi et al., 2013). The IL-1Ra, encoded 

by the IL1RN gene, is known to compete with IL-1α and IL-1β while binding 

to IL-1R, thereby reducing inflammatory signaling (Steinkasserer et al., 1992). 

Johnston et al. (2004) have delineated that intrathecal administration of IL-1Ra is 

capable of reducing morphine tolerance in rats.

12. Nitric oxide (NO) inhibitors: NO, an important biomolecule, acts as a double-

edged sword depending on its concentration in the microenvironment(Colasanti 

& Suzuki, 2000). Activated microglia express inducible NO synthase (iNOS) 

to produce excessive NO in the CNS and cause neuroinflammation (Brown 

& Vilalta, 2015; Parkinson et al., 1997). Majeed et al. have shown that 

administration of NOS inhibitor (e.g., L-NG-Nitro arginine methyl ester or L-

NAME) along with morphine blocks the development of tolerance to morphine, 

and also decreases some signs of morphine dependence in mice (Majeed et 

al., 1994). Moreover, locus coeruleus neurons express opioid receptors and 

exhibit tolerance to chronic administration of opioids in rats (Highfield & Grant, 

1998). Interestingly, inhibition of NO decreases the development of tolerance to 

morphine in locus coeruleus neurons (Highfield & Grant, 1998). These results 

suggest that either inhibitors of iNOS or scavengers of NO may reduce tolerance 

to morphine.

13. Fractalkine receptor (CX3CR1) antagonists: Fractalkine is also known as 

CX3C motif chemokine receptor 1 (CX3CR1) (Johnston et al., 2004). CX3C 

motif is a chemokine that signals through the G-protein-coupled chemokine 

receptor CX3CR1 (Pawelec et al., 2020). It has been demonstrated to reduce 

microglial inflammation via suppression of NF-κB activation (Jiang et al., 

2022). Interestingly, fractalkine is also seen to modulate opioid tolerance as 

co-administration of morphine with intrathecal neutralizing antibody against 

CX3CR1 stimulated acute morphine analgesia and reduced the development of 

tolerance (Johnston et al., 2004).

14. P2X7/P2X4 antagonists: ATP-gated purinergic receptors such as P2X7 and P2X4 

receptors modulate opioid-activated microglial functions (Horvath et al., 2010; 
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Leduc-Pessah et al., 2017). Morphine treatment enhances the expression of P2X7 

and P2X4 receptors in microglia (Horvath & DeLeo, 2009; Zhou et al., 2010). 

Chen et al. (2012) have shown that blockade of P2X7 receptors by either P2X7 

antagonist or small interfering RNA (siRNA) is capable of decreasing morphine 

analgesic tolerance in the pain behavioral test and spinal extracellular recordings 

in vivo and whole-cell recording of the spinal cord slices in vitro. In in vitro 
cultures, morphine enhances P2X4 receptor-mediated microglia migration via 

MOR activation (Horvath & DeLeo, 2009). Intrathecal administration of P2X4 

receptor antisense oligonucleotide successfully blocked the development of 

morphine anti-nociceptive tolerance in rats (Horvath et al., 2010). In addition 

to the spinal effects, more recent evidence indicates that antagonizing P2X7 and 

P2X4 receptors in the medial prefrontal cortex enhances morphine analgesia in 

tolerant mice (Zeng et al., 2021). Therefore, blockade of purinergic P2X7 and 

P2X4 receptors may represent additional viable targets for reduction of morphine 

analgesic tolerance through inhibition of microglial activities.

7 | CONCLUSION

As once an English Physician (Dr. Thomas Sydenham) wrote, “Among the remedies 

which it has pleased almighty God to give to man to relieve his sufferings, none is so 

universal and so efficacious as opium.” Until now, opioids remain unbeatable in its pain-

alleviating effects. Accordingly, a sharp increase in prescription of almost all types of opioid 

medications has been seen in the last 20 years for taking care of pain and stimulation of 

the pleasure component. As a result, opioid tolerance has also increased, exacerbating opioid 

overuse. Recent studies indicate that opioid-mediated microglial activation and production 

of different proinflammatory molecules may contribute to opioid tolerance (Du et al., 2020; 

Han et al., 2014; Zhang et al., 2011; Y. Zhang et al., 2017). Therefore, the challenge 

is to maintain the pain-relieving effect of opioids while minimizing microglial activation 

in an effort to mitigate opioid tolerance and hyperalgesia in patients (Figure 1). In these 

conditions, specific targeting of opioid-sensitive signaling pathways that are responsible for 

microglial inflammation by blood–brain barrier-penetrable non-toxic drugs may be a valid 

option. Fortunately, as described above, many such options (e.g., CB2 agonists, metformin, 

minocycline, melatonin, blockers of TLR2 and TLR4, lidocaine, resveratrol, pinocembrin, 

TNFα antagonists, IL-1Ra, inhibitors of iNOS, fractalkine receptor antagonists, P2X7/P2X4 

receptor antagonists, etc.) are available to suppress opioid-induced microglial inflammation. 

Although many of these studies have been performed with rodents and rodent results are not 

always translated to human settings, randomized clinical trials could be employed based on 

these preclinical studies to establish whether different inhibitors of microglial inflammation 

have any therapeutic value in mitigating opioid tolerance.
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Significance

We have summarized the evidence supporting the important role of microglia activation 

in modulating opioid analgesic tolerance. Thus, microglial inhibitors may represent an 

effective strategy to mitigate opioid tolerance.
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FIGURE 1. 
Activation of microglia by morphine exposure. Microglia harbor different surface receptors 

including Toll-like receptor 2 (TLR2), TLR4, mu-opioid receptor (MOR), TNFα receptor 1 

(TNFR1), TNFR2, etc. Chronic morphine exposure activates the TLR4 signaling pathway, 

leading to its association with adaptor protein myeloid differentiation primary response 88 

(MyD88), transduction of downstream p38 mitogen-activated protein kinase (p38MAPK), 

and activation of nuclear factor-κB (NF-κB) pathway in microglia. Morphine also engages 

MOR to activate extracellular signal-regulated kinase (ERK), a classical MAP kinase, via 

protein kinase Cε (PKCε), for the activation of NF-κB in the cytoplasm. Activated NF-κB 

then translocates into the nucleus, and binds to NF-κB-binding sites present in the promoter 

region of the genes encoding different proinflammatory molecules, causing transcription of 

TNFα, IL-1β, inducible nitric oxide synthase (iNOS), and other proinflammatory molecules 

in microglia.
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FIGURE 2. 
Summary of the change in cytokines following chronic morphine exposure. Chronic 

morphine exposure activates microglia to release a battery of proinflammatory cytokines 

(TNFα, IL-1β, and IL-6) and suppress the expression of anti-inflammatory cytokines 

(IL-10, and possibly IL-4 and TGFβ). IL-10 has been shown to inhibit the production of 

proinflammatory cytokines. Thus, reduction of IL-10 may further increase the production 

of proinflammatory cytokines. Collectively, these changes promote morphine-induced 

paradoxical pain and hyperalgesia, leading to dose escalation of morphine and finally, 

tolerance.
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FIGURE 3. 
Possible mechanisms of modulation of morphine tolerance by microglia-derived 

proinflammatory molecules. Chronic morphine exposure can directly act on neurons or 

modulate neuronal functions by activating microglia to produce a host of proinflammatory 

molecules and cause phosphorylation and desensitization of MOR and modulation of AMPA 

and NMDA receptor subunits in neurons, ultimately leading to tolerance to morphine.
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