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Abstract

:

The observation of the immunomodulatory effects of opioid drugs opened the discussion about possible mechanisms of action and led researchers to consider the presence of opioid receptors (OR) in cells of the immune system. To date, numerous studies analyzing the expression of OR subtypes in animal and human immune cells have been performed. Some of them confirmed the expression of OR at both the mRNA and protein level, while others did not detect the receptor mRNA either. Although this topic remains controversial, further studies are constantly being published. The most recent articles suggested that the expression level of OR in human peripheral blood lymphocytes could help to evaluate the success of methadone maintenance therapy in former opioid addicts, or could serve as a biomarker for chronic pain diagnosis. However, the applicability of these findings to clinical practice needs to be verified by further investigations.
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1. Introduction


Natural and synthetic opioids represent the potent analgesics commonly used for the treatment of acute, chronic and inflammatory pain. Morphine is the prototypical opioid agonist to which all others are compared. Many patients, particularly those suffering from chronic pain, require long-term, high-dose analgesic therapy. However, for their additional qualities (positive emotional effect, even euphoria), opioids are also misused by healthy people, which leads to addiction, or even to intoxication. The clinical utility of morphine and other opioids is thus limited by undesired side effects, such as the development of analgesic tolerance, physical dependence (addiction), respiratory depression, constipation, and severe withdrawal symptoms manifesting after discontinuation of drug administration [1,2].



To replace the classical opioids for the treatment of pain and avoid the negative side effects, new drugs have been designed and synthesized. These included several morphine derivatives, and peptidomimetic analogues of enkephalins and endorphins. Although many of these substances were introduced into clinical practice as analgesics [3], only some of them (methadone, buprenorphine) have also been implemented for the treatment of addictive disorders. Methadone, a synthetic derivative of diphenyl heptane, synthesized in the 1960s, is an opioid analgesic used for the detoxification and substitution treatment of addiction to opioids, to slash craving and normalize physiological homeostasis (for review see Kreek [4]). Methadone is effective via oral consumption, and tolerance to and physical dependence on it develop more slowly than in the case of morphine. The symptoms of drug withdrawal after the abrupt discontinuation of methadone are milder, but are longer than those of morphine [5,6]. To date, methadone substitution therapy remains the preferable choice for the treatment of opioid addiction worldwide [7].



Optimistic expectations that the problems of tolerance, addiction and side effects of opioids will be solved remain unfulfilled [8]. Consequently, there is a need for a more safe medical treatment of addiction and withdrawal symptoms, and, most importantly, for the prevention of relapse. Since most approved medical treatments show only moderate effects on the chronic basis, a delineation of the proper biomarkers of addiction to opioid drugs is desirable.




2. Opioid Receptors and Biochemical Mechanisms of Homeostatic Adjustments to Chronic Opioid Stimulation


Opioid agonists such as morphine bind to and function through specific G protein-coupled receptors, the opioid receptors (OR). To date, four pharmacologically distinct types of OR have been identified, i.e., classical μ-, δ-, and κ-OR, and the non-classical receptor for nociceptin/orphanin FQ (NOP receptor) [9,10]. These receptors are localized in specific brain regions [11,12], the peripheral nervous system [12,13], the gastrointestinal tract [14], and can also be detected in some other cell types [15]. Agonist binding shifts the balance between active (R*) and non-active (R) forms of receptor towards the active conformation R*, which initiates intracellular signal transduction via the α and βγ subunits of the pertussis toxin-sensitive class of trimeric G proteins (Gi/o). After activation, Gα and Gβγ dissociate from each other and regulate, directly or indirectly, adenylyl cyclases (AC), calcium and potassium ion channels, protein-kinases, phospholipases C, and mitogen-activated protein kinases [16,17,18,19]. The physiological significance of the signaling pathways initiated by OR lies in the modulation of the nociception, neuroendocrine and autonomic functions [20]. The opioid receptors also play an important role in reward and motivation [21,22,23], and affect emotional responses and cognition [22,24]. The involvement of the opioid receptors in pain control, drug abuse and mood disorders has been extensively studied and reviewed elsewhere [25,26,27,28,29,30].



The activation of OR normally results in the inhibition of AC activity, but the prolonged exposure of cultured cells or mammalian organisms to morphine was shown to induce the hyper-sensitization or super-activation of AC activity instead [31,32,33,34,35,36]. This effect was considered a biochemical basis for the development of opioid tolerance and dependence.



Our previous work on isolated plasma membranes (PM) from the forebrain cortex of rats exposed to increasing doses of morphine for 10 days indicated a desensitization of the G protein response to µ-OR (DAMGO) and δ-OR (DADLE) stimulation [37], and a specific increase in ACI (8×) and ACII (2.5×) isoforms [38]. The κ-OR (U-69593)-stimulated [35S]GTPγS binding and the expression level of ACIII-X in PM was unchanged. Behavioral tests of morphine-treated animals indicated that these animals were fully drug-dependent (opiate abstinence syndrome), and developed a tolerance to subsequent additions of drugs (analgesic tolerance; hot-plate and hind paw withdrawal tests) [37].



The increase in ACI and ACII was interpreted by us as a specific compensatory response to prolonged stimulation of the brain cortex OR by morphine. Importantly, the elevation of ACI and ACII was not detected in the membranes prepared from rats that received morphine for 10 days and were subsequently nurtured for 20 days in the absence of the drug. Thus, the marked increase in ACI and ACII faded away 20 days after the last dose of morphine.



The proteomic analysis of plasma membranes isolated from the forebrain cortex of rats treated with morphine for 10 days indicated the down-regulation of trimeric Gβ subunits (two-fold). Besides that, the up-regulation of proteins functionally related to oxidative stress and apoptotic cell death was noticed [39]. A subsequent study showed that, depending on the method used for protein detection and quantification, 28 (MALDI-TOF MS/MS) or 113 (MaxLFQ) proteins were identified as altered by chronic morphine. Importantly, in rats sacrificed 20 days after the last dose of morphine, the numbers of altered proteins decreased to 14 (MALDI-TOF MS/MS) and 19 (MaxLFQ), respectively [40]. We interpreted these results as the ability of living organism to (i) oppose the morphine-induced change in the target-tissue’s protein composition and (ii) elicit the partial return to the physiological norm after the complete withdrawal of the drug.



Although the phenomena of tolerance, dependence and withdrawal in the context of chronic opioid drug administration were intensively studied, it is still a major challenge to identify the neurobiological mechanisms that underlie the addiction. Unlike animals, neurobiological adaptations cannot be directly examined in humans. Therefore, there is a tendency to discover some peripheral markers that could help to evaluate the health status of human subjects chronically exposed to opioid drugs. In this context, one direction of research is represented by the studies oriented towards the analysis of the expression and function of OR in cells of the immune system.




3. The Multiplicity of Effects of Opioid Drugs on Cells of the Immune System


The first paper demonstrating the effects of opioids on the immune system was published in 1979 [41], and had a great impact on the following studies of OR in immune cells. The literature data published at the end of the last century mainly described the negative effects of opioids on the immune system [42,43]. These studies analyzed the effects of morphine and other opioids on individual cell populations and the functions of immune cells in vivo and in vitro. The reactivity of natural killer (NK) cells, macrophages, antibody-producing B cells and T cell subpopulations was characterized after the administration of opioids in mice, rats and humans. The majority of these studies showed the negative effects of opioids and the suppression of immune cell functions. The impact of opioids on NK cells was documented by their decreased cytotoxicity in morphine-treated mice [44]. The involvement of OR in this suppression was proven by the observation that µ-OR knock-out mice did not respond to morphine with a decreased NK cell activity [45]. The effects of opioids on NK cells were either direct or were mediated by signals through the neural system. Similarly, phagocytosis and other functions of macrophages were suppressed by morphine [46,47]. As in the case of innate immunity, the functions of cells of the adaptive immune system were also affected by opioids. However, the effects of opioids on the cells of adaptive immunity in morphine-treated animals were not always inhibitory, as was described for decreased antibody production [48] or impaired T cell functions [42,49]. Some publications showed that the influence of opioids on immune cells is more complicated [50,51]. With detailed knowledge of the immune system and after recognition of its individual cell populations, it has become apparent that the effects of opioids on some immune cell types could be suppressive, while the impacts of opioids on other immune cell populations and their functions are rather immunostimulatory. For example, we demonstrated that the production of pro-inflammatory cytokines (such as IL-2, IL-12) by spleen cells, or the secretion of NO by macrophages from mice treated with heroin, was significantly increased, while the production of anti-inflammatory cytokines (IL-4 and IL-10) was simultaneously rather suppressed [52]. As a consequence, skin allografts in heroin-treated mice were rejected more promptly than in control untreated or vehicle-treated recipients. Similarly, we showed the enhanced Concanavalin A (Con A)-induced proliferation of peripheral blood lymphocytes (PBL) isolated from heroin addicts in comparison with PBL from the control group of healthy donors [53]. In addition, the production of IL-2 and IFN-γ was higher in the group of heroin addicts than in the healthy controls. The enhanced proliferation of PBL, or the increased production of cytokines, observed in heroin addicts, were partially or completely normalized in the group of patients maintained on methadone [53]. On the other hand, the production of cytokines IL-1β, IL-6 and IL-8 was increased in the plasma of heroin addicts undergoing methadone replacement therapy [54]. The complexity of the effects of opioids on the immune system was supported by the data of Borner et al. [55], who showed that the treatment of human T lymphocytes with the opioids fentanyl, methadone, loperamide, and beta-endorphin resulted in a strong induction of IL-4 expression. In contrast, morphine and buprenorphine induced significantly lower levels of IL-4 mRNA. The changes in the expression of IL-4 suggest its possible role in the epigenetic modulation of μ-OR induction [56].



As reviewed by Liang et al. [57] and Eisenstein [58], the effect of OR ligands on cells of the immune system is not only immunosuppressive, as it was originally regarded, but is more complex. The summary of the up-to-date experience with treatment of acute and chronic pain caused by trauma, surgery or cancer indicates that the participation of OR in the function of the immune system is more complicated and unequivocal—ranging from immunosuppression on one side to immunostimulation on the other side.




4. Expression of OR in Cells of the Animal and Human Immune System


The direct effects of opioids on isolated immune cells in vitro exclude an indirect immunomodulation mediated by the nerve or neuroendocrine system, and suggest the presence of OR on leukocytes. The presence of OR on the surface of immunocompetent cells was proved for the first time by Carr et al. [59]. Since then, μ-, δ- and κ-OR have been found to be expressed in various immune cell types. These include animal and human immune cell-derived cell lines, as well as immune cells isolated from untreated animals and healthy human subjects (see Table 1).



Additionally, the inducible expression of OR in immune cells was reported. Transcripts of δ-OR were detected in the CD4+ T cells purified from murine splenocytes treated with mitogen Con A [60]. Increased expression induced by mitogen was reported also for κ-OR [61]. Recently, we described the inducible expression of δ- and µ-OR in rat spleen lymphocytes. The analysis of μ-, δ- and κ-OR content in these cells showed that the immunoblot signals of µ- and δ-OR proteins were undetectable in fresh/primary spleen lymphocytes; however, stimulation with Con A resulted in the up-regulation of µ- and δ-OR. The κ-OR were expressed already in primary cells, and their expression was increased 2.4-fold by Con A. The validity of immunoblot data was confirmed by flow cytometry. The stimulation of spleen cells with Con A caused a highly significant increase in the number of µ-, δ- and κ-OR-expressing cells—7.0-, 8.5- and 5.7-fold, respectively [62]. However, we observed this increase only in cells that were permeabilized prior to immunolabeling. In un-permeabilized lymphocytes, this effect of Con A stimulation was not detectable. Altogether, the flow cytometry results could be interpreted as evidence of the intracellular localization of the newly synthesized OR in Con A-stimulated cells. This provides an explanation of why the specific OR agonists DAMGO (μ-OR), DADLE (δ-OR) and U59693 (κ-OR) were unable to stimulate trimeric G proteins, and why membrane fractions prepared from Con A-stimulated cells did not exhibit the specific binding for the commonly used radioligands, [3H]diprenorphine and [3H]naloxone [62]. Our results were fully consistent with the literature’s data indicating that the ligand binding sites of OR in cells of the immune system differ from those present in the brain [63,64,65]. The Con A-induced increase in the expression of µ-, δ- and κ-OR was associated with a specific decrease in the expression levels of their cognate trimeric G proteins, Gi1α/Gi2α. The Gα and Gβ subunits belonging to other G protein families were unchanged. The level of β-arrestin-1/2 was also decreased by Con A. Thus, the down-stream regulatory proteins of the OR signaling cascades, i.e., Gi1α/Gi2α and β-arrestin-1/2, were expressed in high amounts already in un-stimulated spleen cells, and were significantly decreased by mitogen stimulation [62].



Besides mitogens, the expression of OR in cells of the immune system was shown to be induced by various other stimuli. Transcripts of δ-OR were detected in murine-purified T cells co-stimulated with monoclonal antibodies (mAbs) anti-CD3 and anti-CD28 [66]. In murine thymocytes, co-stimulation with CD3/CD28 mAb resulted in the expression of µ-OR [67]. Moreover, µ-OR expression was also found to be induced by the activation of thymocytes with various cytokines, such as IL-1β, IL-2, IL-7, IFNγ, TNFα, and TGFβ [67]. These cytokines are known to be present at functional levels in the thymus gland and to play a role in T cell development. The strongest up-regulation of µ-OR transcript levels was detected in thymocytes incubated with TGFβ. A substantial increase in µ-OR expression was also induced by IFNγ, IL-1β, and IL-2. On the other hand, a much weaker effect on µ-OR expression was exhibited by TNFα and IL-7 [67]. Overall, these results provided evidence that the expression of OR in immune cells is induced by their activation.



In contrast to the findings presented in Table 1, it was reported that human peripheral blood mononuclear cells (PBMC) isolated from healthy volunteers express NOP receptor mRNA, but do not express mRNA of either µ-, δ- or κ-OR [68]. The absence of µ-OR transcripts in primary unstimulated human T cells was also described by Borner et al. [69]. However, the µ-OR expression was found to be inducible by the stimulation of primary human T cells with IL-4 [69], or activation with CD3/CD28 mAb [70]. When compared to neuronal cells, the µ-OR expression level in immune cells was found to be 15 to 200 times lower [69]. In contrast to that, the NOP receptor expression levels in human immune cells were shown to be comparable to the levels detected in cells of the central nervous system [71].



Additionally, OR expression was found to be increased by morphine treatment. When CEMx174 cells (the human T/B hybrid cell line) were treated with morphine, µ- and κ-OR were significantly up-regulated, at the level of both mRNA and protein [72,73]. The question arises of whether the expression of OR in immune cells is modulated also under in vivo conditions by the long-term exposure of the human body to opioid drugs or pathological pain states. An overview of the studies that attempted to answer this question is presented in the following two sections.




5. Detection of OR in Cells of the Immune System of Drug-Addicted Humans


The immunological effect of opioid addiction was originally investigated by Mazzone et al. [96] in granulocytes isolated from chronic heroin abusers, long-term methadone-maintained former heroin users and age-matched healthy individuals. Only HIV seronegative subjects were enrolled in the study to avoid the confounding factor of HIV infection. One of the examined parameters was the expression of OR. For this purpose, polymorphic nucleocytes were labeled with fluorescent analogue of naloxone and analyzed by flow cytometry. Compared to the healthy controls, the number of OR was significantly higher in the granulocytes from both heroin users and methadone maintenance subjects. This increase was inversely correlated with the reduced chemotactic responsiveness of polymorphic nucleocytes. The increased expression of OR was also detected in the neutrophils, monocytes, and lymphocytes of former heroin addicts undergoing chronic treatment with naltrexone [97]. Again, only HIV seronegative subjects were examined.



In contrast to the abovementioned studies that strictly avoided the HIV-infected addicts, the work of Beck et al. [98] assessed the effect of HIV infection on the expression of opioid receptors on the peripheral white blood cells of intravenous drug users (IVDUs) undergoing methadone therapy. The analysis of lymphocytes, monocytes and granulocytes of HIV-positive and HIV-negative IVDUs treated with methadone was carried out by flow cytometry using polyclonal antibodies against human µ-, δ- and κ-OR. Much higher absolute numbers of OR-positive cells were detected in the HIV-negative IVDU group. The most striking difference was observed for δ-OR, which was markedly increased on the lymphocytes, monocytes and granulocytes of HIV-negative methadone-treated IVDUs when compared with HIV-positive methadone-treated subjects and healthy individuals. A substantial increase was also detected in the case of κ-OR in lymphocytes, whereas µ-OR levels were almost unchanged. The authors concluded that methadone treatment up-regulates OR expression in the immune cells of former IVDUs, and that this up-regulation is counteracted by HIV infection.



Contrarily, Toskulkao et al. [76] showed that the µ-OR and δ-OR mRNA levels in the PBL isolated from former heroin addicts on methadone substitution therapy were significantly lower (<50%) than in the lymphocytes collected from control, naive subjects. A corresponding result was provided by in vitro experiments. In cultured lymphocytes collected from naive human subjects, methadone significantly down-regulated both mRNA and protein levels of µ- and δ-OR. This effect was prevented by naloxone or by the pre-treatment of lymphocytes in culture with pertussis toxin. On the other hand, the up-regulation of one of the four known µ-OR splice variants (hMOR-1A) was described in PBL prepared from methadone-maintained subjects when compared with control subjects [99]. The authors hypothesized that the upregulation of hMOR-1A may serve as a feedback mechanism to restore the normal MOR membrane densities, which are lowered by methadone administration.



Recently, Shahkarami et al. [92] examined κ-OR and dynorphin mRNA levels in human PBL in relation to severe opioid use disorder (SOD). This study evaluated the blood samples of four different groups: subjects with SOD, subjects on methadone maintenance therapy, long-term (12 month) abstinent subjects with former SOD, and healthy controls. In contrast to the controls, κ-OR mRNA expression was significantly decreased in subjects with SOD and in methadone maintenance subjects. Unlike κ-OR, the expression of dynorphin peptide was markedly increased. The authors concluded that the down-regulation of κ-OR may be a compensatory response to the up-regulation of dynorphin that occurred after the chronic consumption of opioids. These changes seemed to be stable, as they were detected also in the abstinent subjects even after 12 months of abstinence. As such, the authors suggested that these long-term changes in the κ-OR and dynorphin expression levels in PBLs could serve as a biomarker of SOD development in the periphery.




6. Detection of OR in Cells of the Immune System of Chronic Pain Patients


Gunji et al. [93] analyzed the expression of κ-OR in peripheral blood cells and its relationship to the inflammatory activity and chronic pain in patients with rheumatoid arthritis. When compared to the healthy volunteers, κ-OR mRNA expression was markedly decreased in rheumatoid arthritis patients. This decrease was inversely related with the severity of symptoms. The lowest levels of κ-OR mRNA were found in patients with severe inflammatory changes and high pain scores. Regarding the expression pattern of κ-OR on peripheral blood cells, the mRNA was detected on T and B lymphocytes, and on the macrophages of both patients and healthy subjects. Moreover, κ-OR mRNA was found in the natural killer (NK) cells of rheumatoid arthritis patients. These results suggest the correlation of the expression levels of κ-OR mRNA and natural killer cell activity together with the anti-inflammatory effects and anti-nociception in rheumatoid arthritis. A corresponding result was also obtained from patients with osteoarthritis of the knee. The level of κ-OR mRNA in the peripheral blood mononuclear cells of patients was considerably lower than in healthy subjects, and was not affected by treatment with analgesics acetaminophen (paracetamol) or rofecoxib [100].



The report of Campana et al. [77] revealed that chronic pain had no effect on the expression of µ-OR in human PBMC. The levels of µ-OR mRNA in patients with chronic non-cancer pain were similar to those detected in healthy subjects. However, long-term treatment with intrathecal morphine or morphine plus local anesthetic bupivacaine induced a significant up-regulation of µ-OR mRNA. Moreover, the amount of µ-OR mRNA transcripts after 12 months of treatment was considerably higher in patients treated with morphine plus bupivacaine than in those treated with morphine alone. Elevated levels of µ-OR mRNA were confirmed in both groups of patients after another 12 months, i.e., after 24 month of treatment in total.



Most recently, Malafoglia et al. [101] presented a randomized clinical trial to find out whether the pre-surgical administration of opioids to osteoarthritic patients, enrolled for hip replacement, can prevent the onset of chronic pain and opioid tolerance or addiction development after surgery. Based on the hypothesis that the presence of OR on the surface of immune cells provides the strongest evidence of the correlation between pain and the activation of the immune system, the authors proposed lymphocyte OR as innovative biological markers of osteoarthritic pain.



The role of OR as biomarkers in patients with chronic pain was investigated by Raffaeli et al. [78]. This study analyzed the presence of µ-OR in the lymphocytes of patients with fibromyalgia and osteoarthritis, and in healthy subjects, representing the pain-free control group. Based on immunophenotyping analysis by flow cytometry, very low percentages (<2%) of T lymphocytes from all three groups of subjects were found to express µ-OR. In the case of B lymphocytes, considerably higher percentages (~20–44%) of cells expressing µ-OR were detected. The expression levels in both groups of patients were significantly lower than in the control group. Moreover, the percentage of µ-OR-positive B lymphocytes was inversely related to the intensity of pain. The amounts of µ-OR-positive B lymphocytes in moderate/severe pain fibromyalgia and moderate/severe pain osteoarthritis patients were comparable, and simultaneously they were significantly lower than in the control group or mild pain patients. The authors suggested that the determination of the percentage of µ-OR-positive B lymphocytes in patients suffering from chronic pain could be used as a biomarker in order to improve the objectivity of the diagnosis of chronic pain states.



Besides the immune cells of the peripheral blood, changes in µ-OR expression associated with the chronic pain state were observed in the immune cells of the gastrointestinal tract. The analysis of the colonic mucosa of patients with irritable bowel syndrome revealed significantly increased mRNA and protein levels of µ-OR when compared with the asymptomatic controls. In addition, the increased expression was also reported for β-endorphin, an endogenous ligand of µ-OR. Microscopic analysis identified the presence of µ-OR and β-endorphin immunoreactivities in CD4+, EMR-1+, and CD31+ cells, indicating the expression of µ-OR and β-endorphin by mucosal T-helper lymphocytes, eosinophils, and leukocytes, respectively. This result suggests the involvement of the opioid system in the immune-related compensatory role in visceral pain in irritable bowel syndrome patients [102].



In the case of the non-classical NOP receptor, its expression in peripheral blood cells was examined in the end-stage cancer patients suffering from chronic pain, and in septic patients. A significantly higher expression of NOP receptor mRNA was found in cancer and septic patients in comparison with healthy controls. On the other hand, a lower expression of pre-pronociceptin mRNA was found in both groups of patients than in control subjects. As the RNA for the analysis was isolated from the whole blood, the cell types expressing NOP receptor and pre-pronociceptin could not be identified. Although no association of mRNA levels with severity of pain was observed, there was some association with the inflammatory markers. These results suggested the role of the NOP-N/OFQ-system in inflammatory states [103]. Detailed information about the participation of NOP receptor activation in inflammatory diseases can be found in the review by Gavioli et al. [104]. The regulation of NOP receptor expression in response to the inflammatory stimulus was also studied in human PBL in order to identify the involved regulatory signaling pathways. The ERK and p38 were detected as the major signaling pathways regulating the expression of the NOP receptor under inflammatory conditions [94].




7. OR in Progenitor and Stem Cells; Inflammation and Injury


The expression of OR was also demonstrated in various types of stem cells, which play an important role in the development of the organism, and in adulthood they participate in hematopoiesis and tissue regeneration and repair. For example, Steidl et al. [105] described the expression of G protein-coupled receptors of neuromediators in primary human CD34+ hematopoietic stem and progenitor cells. Similarly, Liu et al. [106] concluded that methionine enkephalin could be an effective inducer of dendritic cells derived from mouse bone marrow progenitors. All three types of OR have also been detected in embryonic stem cells, and in various progenitor and stem cells within the neural system [107,108,109]. We therefore studied the expression of OR in mouse and human mesenchymal stem cells (MSCs). These cells can be found in nearly all tissues in the body, where they contribute to tissue regeneration and immunological homeostasis. It has been shown that MSCs possess potent immunoregulatory and anti-apoptotic properties, produce numerous cytokines and growth factors and have the ability to migrate to the sites of inflammation or injury, where they inhibit the local inflammatory reactions and support the healing process [110,111]. Using immunoblot and flow cytometry analyses, we showed that human bone marrow-derived MSCs express μ-, δ- and κ-OR, and that this expression was enhanced in the presence of pro-inflammatory cytokines. In addition, morphine modified the MSC phenotype and altered the differentiation and secretory properties of these cells. While the expression of some immunoregulatory molecules, such as indoleamine-2,3-dioxygenase or cyclooxygenase-2, was increased in MSCs in the presence of morphine, the secretion of growth factors, such as hepatocyte growth factor or vascular endothelial growth factor, was inhibited by morphine [112]. Furthermore, we recently demonstrated that morphine decreases the expression of adhesive molecules on MSCs, and that the migration and organ distribution of exogenous MSCs systemically administered in syngeneic mice are altered in morphine-treated recipients [113]. In addition, the migration of therapeutically administered MSCs to the site of injury was significantly decreased in recipients treated acutely or chronically with morphine. All these observations indicate that the decreased and aberrant healing of damaged tissue observed after opioid administration [114,115,116] could be caused by the negative effect of opioids on stem cells, which are involved in healing and regenerative processes.




8. Conclusions


The optimistic expectations that the problems of tolerance, addiction and side effects of opioids will be solved remain unfulfilled. Consequently, there is a need for a safer medical treatment of addiction and withdrawal symptoms, and, most importantly, for the prevention of relapse. Since most approved medical treatments show only moderate effects on the chronic basis, the delineation of the proper biomarkers of addiction to opioid drugs is desirable.



Neurobiological adaptations cannot be directly examined in humans. Therefore, there is a need to discover some peripheral markers that could help to evaluate the health status of human subjects chronically exposed to opioid drugs. In this context, one direction of research is oriented towards the analysis of the expression and functional state of OR in the cells of the immune system.



The analysis of peripheral blood cells of drug-addicted subjects on methadone maintenance therapy provided evidence that the long-term exposure of the human body to opioid drugs modulates the expression of OR in the cells of the immune system. However, the results were equivocal, as increased as well as decreased expression levels of OR were detected.



Recent data support the view that the effects of OR ligands on cells of the immune system are not only immunosuppressive, as was originally thought, but are more complex. The summary of up-to-date experience with the treatment of acute and chronic pain caused by trauma, surgery or cancer indicates that the final outcome ranges from immunosuppression to immunostimulation.



The expression of OR in human immune cells was also shown to be modulated by pathological pain states, such as rheumatoid arthritis, osteoarthritis or fibromyalgia. In this case, more consistent results were obtained, as the receptor expression levels were inversely related to the pain intensity and the severity of symptoms.



Altogether, studies of OR in the cells of the immune system suggested that the OR in human immune cells may serve as possible biomarkers of opioid drug addiction in periphery, or as an advantageous diagnostic tool for the characterization of chronic pain states.



Further studies are needed to verify/delineate the applicability of these findings to clinical practice and to determine the role/involvement of the individual OR subtypes in these pathological situations in more details.
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	AC
	
	adenylyl cyclase



	Con A
	
	Concanavalin A
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	intravenous drug users
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	mesenchymal stem cells
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	opioid receptors



	PBL
	
	peripheral blood lymphocytes



	PBMC
	
	peripheral blood mononuclear cells



	SOD
	
	severe opioid use disorder







References


	



Preston, K.L. Drug abstinence effects: Opioids. Br. J. Addict. 1991, 86, 1641–1646. [Google Scholar] [CrossRef] [PubMed]

	



Darcq, E.; Kieffer, B.L. Opioid receptors: Drivers to addiction? Nat. Rev. Neurosci. 2018, 19, 499–514. [Google Scholar] [CrossRef] [PubMed]

	



Listos, J.; Lupina, M.; Talarek, S.; Mazur, A.; Orzelska-Gorka, J.; Kotlinska, J. The mechanisms involved in morphine addiction: An overview. Int. J. Mol. Sci. 2019, 20, 4302. [Google Scholar] [CrossRef] [PubMed]

	



Kreek, M.J. Methadone-related opioid agonist pharmacotherapy for heroin addiction. History, recent molecular and neurochemical research and future in mainstream medicine. Ann. N. Y. Acad. Sci. 2000, 909, 186–216. [Google Scholar] [CrossRef]

	



Ball, J.C.; Ross, A. The Effectiveness of Methadone Maintenance Treatment: Patients, Programs, Services, and Outcome, 1st ed.; Springer: New York, NY, USA, 1991. [Google Scholar]

	



Connock, M.; Juarez-Garcia, A.; Jowett, S.; Frew, E.; Liu, Z.; Taylor, R.J.; Fry-Smith, A.; Day, E.; Lintzeris, N.; Roberts, T.; et al. Methadone and buprenorphine for the management of opioid dependence: A systematic review and economic evaluation. Health Technol. Assess. 2007, 11, 1–171. [Google Scholar] [CrossRef]

	



Whelan, P.J.; Remski, K. Buprenorphine vs methadone treatment: A review of evidence in both developed and developing worlds. J. Neurosci. Rural Pract. 2012, 3, 45–50. [Google Scholar] [CrossRef]

	



Vadivelu, N.; Kai, A.M.; Kodumudi, V.; Sramcik, J.; Kaye, A.D. The opioid crisis: A comprehensive overview. Curr. Pain Headache Rep. 2018, 22, 16. [Google Scholar] [CrossRef]

	



Waldhoer, M.; Bartlett, S.E.; Whistler, J.L. Opioid receptors. Annu. Rev. Biochem. 2004, 73, 953–990. [Google Scholar] [CrossRef]

	



Shang, Y.; Filizola, M. Opioid receptors: Structural and mechanistic insights into pharmacology and signaling. Eur. J. Pharmacol. 2015, 763, 206–213. [Google Scholar] [CrossRef]

	



Erbs, E.; Faget, L.; Scherrer, G.; Matifas, A.; Filliol, D.; Vonesch, J.L.; Koch, M.; Kessler, P.; Hentsch, D.; Birling, M.C.; et al. A mu-delta opioid receptor brain atlas reveals neuronal co-occurrence in subcortical networks. Brain Struct Funct. 2015, 220, 677–702. [Google Scholar] [CrossRef]

	



Ozawa, A.; Brunori, G.; Mercatelli, D.; Wu, J.; Cippitelli, A.; Zou, B.; Xie, X.S.; Williams, M.; Zaveri, N.T.; Low, S.; et al. Knock-in mice with NOP-eGFP receptors identify receptor cellular and regional localization. J. Neurosci. 2015, 35, 11682–11693. [Google Scholar] [CrossRef] [PubMed]

	



Stein, C.; Zöllner, C. Opioids and sensory nerves. Handb. Exp. Pharmacol. 2009, 194, 495–518. [Google Scholar]

	



Galligan, J.J.; Sternini, C. Insights into the role of opioid receptors in the GI tract: Experimental evidence and therapeutic relevance. Handb. Exp. Pharmacol. 2017, 239, 363–378. [Google Scholar] [PubMed]

	



Peng, J.; Sarkar, S.; Chang, S.L. Opioid receptor expression in human brain and peripheral tissues using absolute quantitative real-time RT-PCR. Drug Alcohol Depend. 2012, 124, 223–228. [Google Scholar] [CrossRef] [PubMed]

	



Connor, M.; Christie, M.D. Opioid receptor signalling mechanisms. Clin. Exp. Pharmacol. Physiol. 1999, 26, 493–499. [Google Scholar] [CrossRef] [PubMed]

	



Law, P.Y.; Wong, Y.H.; Loh, H.H. Molecular mechanisms and regulation of opioid receptor signaling. Annu. Rev. Pharmacol. Toxicol. 2000, 40, 389–430. [Google Scholar] [CrossRef] [PubMed]

	



Law, P.Y.; Loh, H.H.; Wei, L.N. Insights into the receptor transcription and signaling: Implications in opioid tolerance and dependence. Neuropharmacology 2004, 47 (Suppl. S1), 300–311. [Google Scholar] [CrossRef]

	



Stein, C. Opioid Receptors. Annu. Rev. Med. 2016, 67, 433–451. [Google Scholar] [CrossRef]

	



Feng, Y.; He, X.; Yang, Y.; Chao, D.; Lazarus, L.H.; Xia, Y. Current research on opioid receptor function. Curr. Drug Targets. 2012, 13, 230–246. [Google Scholar] [CrossRef]

	



Le Merrer, J.; Becker, J.A.; Befort, K.; Kieffer, B.L. Reward processing by the opioid system in the brain. Physiol. Rev. 2009, 89, 1379–1412. [Google Scholar] [CrossRef]

	



Khan, M.S.; Boileau, I.; Kolla, N.; Mizrahi, R. A systematic review of the role of the nociceptin receptor system in stress, cognition, and reward: Relevance to schizophrenia. Transl. Psychiatry 2018, 8, 38. [Google Scholar] [CrossRef] [PubMed]

	



Pellissier, L.P.; Pujol, C.N.; Becker, J.A.J.; Le Merrer, J. Delta opioid receptors: Learning and motivation. Handb. Exp. Pharmacol. 2018, 247, 227–260. [Google Scholar] [PubMed]

	



Van Steenbergen, H.; Eikemo, M.; Leknes, S. The role of the opioid system in decision making and cognitive control: A review. Cogn. Affect. Behav. Neurosci. 2019, 19, 435–458. [Google Scholar] [CrossRef] [PubMed]

	



Raehal, K.M.; Bohn, L.M. The role of beta-arrestin2 in the severity of antinociceptive tolerance and physical dependence induced by different opioid pain therapeutics. Neuropharmacology 2011, 60, 58–65. [Google Scholar] [CrossRef]

	



Lutz, P.E.; Kieffer, B.L. Opioid receptors: Distinct roles in mood disorders. Trends Neurosci. 2012, 36, 195–206. [Google Scholar] [CrossRef]

	



Lutz, P.E.; Kieffer, B.L. The multiple facets of opioid receptor function: Implications for addiction. Curr. Opin. Neurobiol. 2013, 23, 473–479. [Google Scholar] [CrossRef]

	



Nadal, X.; La Porta, C.; Andreea Bura, S.; Maldonado, R. Involvement of the opioid and cannabinoid systems in pain control: New insights from knockout studies. Eur. J. Pharmacol. 2013, 716, 142–157. [Google Scholar] [CrossRef]

	



Williams, J.T.; Ingram, S.L.; Henderson, G.; Chavkin, C.; von Zastrow, M.; Schulz, S.; Koch, T.; Evans, C.J.; Christie, M.J. Regulation of μ-opioid receptors: Desensitization, phosphorylation, internalization, and tolerance. Pharmacol. Rev. 2013, 65, 223–254. [Google Scholar] [CrossRef]

	



Varastehmoradi, B.; Wegener, G.; Sanchez, C.; Smith, K.L. Opioid system modulation of cognitive affective bias: Implications for the treatment of mood disorders. Behav. Pharmacol. 2020, 31, 122–135. [Google Scholar] [CrossRef]

	



Avidor-Reiss, T.; Bayewitch, M.; Levy, R.; Matus-Leibovitch, N.; Nevo, I.; Vogel, Z. Adenylylcyclase supersensitization in mu-opioid receptor-transfected Chinese hamster ovary cells following chronic opioid treatment. J. Biol. Chem. 1995, 270, 29732–29738. [Google Scholar]

	



Avidor-Reiss, T.; Nevo, I.; Levy, R.; Pfeuffer, T.; Vogel, Z. Chronic opioid treatment induces adenylyl cyclase V superactivation. Involvement of Gbetagamma. J. Biol. Chem. 1996, 271, 21309–21315. [Google Scholar] [CrossRef] [PubMed]

	



Ammer, H.; Christ, T.E. Identitity of adenylyl cyclase isoform determines the G protein mediating chronic opioid-induced adenylyl cyclase supersensitivity. J. Neurochem. 2002, 83, 818–827. [Google Scholar] [CrossRef] [PubMed]

	



Varga, E.V.; Rubenzik, M.K.; Stropova, D.; Sugiyama, M.; Grife, V.; Hruby, V.J.; Rice, K.C.; Roeske, W.R.; Yamamura, H.I. Converging protein kinase pathways mediate adenylyl cyclase superactivation upon chronic delta-opioid agonist treatment. J. Pharmacol. Exp. Ther. 2003, 306, 109–115. [Google Scholar] [CrossRef] [PubMed]

	



Schallmach, E.; Steiner, D.; Vogel, Z. Adenylyl cyclase type II activity is regulated by two different mechanisms: Implications for acute and chronic opioid exposure. Neuropharmacology 2006, 50, 998–1005. [Google Scholar] [CrossRef] [PubMed]

	



Chan, P.; Lutfy, K. Molecular changes in opioid addiction: The role of adenylyl cyclase and cAMP/PKA system. Prog. Mol. Biol. Transl. Sci. 2016, 137, 203–227. [Google Scholar] [PubMed]

	



Bourova, L.; Vosahlikova, M.; Kagan, D.; Dlouha, K.; Novotny, J.; Svoboda, P. Long-term adaptation to high doses of morphine causes desensitization of μ-OR and δ-OR-stimulated G protein response in forebrain cortex but does not decrease the amount of G-protein alpha subunits. Med. Sci. Monit. 2010, 16, BR260–BR270. [Google Scholar]

	



Ujcikova, H.; Dlouha, K.; Roubalova, L.; Vosahlikova, M.; Kagan, D.; Svoboda, P. Up-regulation of adenylylcyclases I and II induced by long-term adaptation of rats to morphine fades away 20 days after morphine withdrawal. Biochim. Biophys. Acta 2011, 1810, 1220–1229. [Google Scholar] [CrossRef]

	



Ujcikova, H.; Eckhardt, A.; Kagan, D.; Roubalova, L.; Svoboda, P. Proteomic analysis of post-nuclear supernatant fraction and percoll-purified membranes prepared from brain cortex of rats exposed to increasing doses of morphine. Proteome Sci. 2014, 12, 11. [Google Scholar] [CrossRef]

	



Ujcikova, H.; Vosahlikova, M.; Roubalova, L.; Svoboda, P. Proteomic analysis of protein composition of rat forebrain cortex exposed to morphine for 10 days; comparison with animals exposed to morphine and subsequently nurtured for 20 days in the absence of this drug. J. Proteomics 2016, 145, 11–23. [Google Scholar] [CrossRef]

	



Wybran, J.; Appelboom, T.; Famaey, J.P.; Govaerts, A. Suggestive evidence for receptors for morphine and methionine-enkephalin on normal human blood T lymphocytes. J. Immunol. 1979, 123, 1068–1070. [Google Scholar]

	



Bryant, H.U.; Roudebush, R.E. Suppressive effects of morphine pellet implants on in vivo parameters of immune function. J. Pharmacol. Exp. Ther. 1990, 255, 410–414. [Google Scholar] [PubMed]

	



Pacifici, R.; Minetti, M.; Zuccaro, P.; Pietraforte, D. Morphine affects cytostatic activity of macrophages by the modulation of nitric oxide release. Int. J. Immunopharmacol. 1995, 17, 771–777. [Google Scholar] [CrossRef]

	



Sacerdote, P.; Manfredi, B.; Mantegazza, P.; Panerai, A.E. Antinociceptive and immunosuppressive effects of opiate drugs: A structure-related activity study. Br. J. Pharmacol. 1997, 121, 834–840. [Google Scholar] [CrossRef] [PubMed]

	



Gaveriaux-Ruff, C.; Matthes, H.W.; Peluso, J.; Kieffer, B.L. Abolition of morphine-immunosuppression in mice lacking the mu-opioid receptor gene. Proc. Natl. Acad. Sci. USA. 1998, 95, 6326–6330. [Google Scholar] [CrossRef] [PubMed]

	



Casellas, A.M.; Guardiola, H.; Renaud, F.L. Inhibition by opioids of phagocytosis in peritoneal macrophages. Neuropeptides 1991, 18, 35–40. [Google Scholar] [CrossRef]

	



Bussiere, J.L.; Adler, M.W.; Rogers, T.J.; Eisenstein, T.K. Cytokine reversal of morphine-induced suppression of the antibody response. J. Pharmacol. Exp. Ther. 1993, 264, 591–597. [Google Scholar] [PubMed]

	



Eisenstein, T.K.; Meissler, J.J., Jr.; Rogers, T.J.; Geller, E.B.; Adler, M.W. Mouse strain differences in immunosuppression by opioids in vitro. J. Pharmacol. Exp. Ther. 1995, 275, 1484–1489. [Google Scholar]

	



Lysle, D.T.; Coussons, M.E.; Watts, V.J.; Bennett, E.H.; Dykstra, L.A. Morphine-induced alterations of immune status: Dose dependency, compartment specificity and antagonism by naltrexone. J. Pharmacol. Exp. Ther. 1993, 265, 1071–1078. [Google Scholar]

	



Roy, S.; Balasubramanian, S.; Sumandeep, S.; Charboneau, R.; Wang, J.; Melnyk, D.; Beilman, G.J.; Vatassery, R.; Barke, R.A. Morphine directs T cells toward T(H2) differentiation. Surgery 2001, 130, 304–309. [Google Scholar] [CrossRef]

	



Al-Hashimi, M.; Scott, S.W.M.; Thompson, J.P.; Lambert, D.G. Opioids and immune modulation: More questions than answers. Br. J. Anaesth. 2013, 111, 80–88. [Google Scholar] [CrossRef]

	



Holan, V.; Zajicova, A.; Krulova, M.; Blahoutova, V.; Wilczek, H. Augmented production of proinflammatory cytokines and accelerated allotransplantation reactions in heroin-treated mice. Clin. Exp. Immunol. 2003, 132, 40–45. [Google Scholar] [CrossRef]

	



Zajicova, A.; Wilczek, H.; Holan, V. The alterations of immunological reactivity in heroin addicts and their normalization in patients maintained on methadone. Folia Biol. (Praha) 2004, 50, 24–28. [Google Scholar] [PubMed]

	



Chan, Y.Y.; Yang, S.N.; Lin, J.C.; Chang, J.L.; Lin, J.G.; Lo, W.Y. Inflammatory response in heroin addicts undergoing methadone replacement therapy. Psychiatry Res. 2015, 226, 230–234. [Google Scholar] [CrossRef]

	



Borner, C.; Lanciotti, S.; Koch, T.; Hollt, V.; Kraus, J. μ opioid receptor agonist-selective regulation of interleukin-4 in T lymphocytes. J. Neuroimmunol. 2013, 263, 35–42. [Google Scholar] [CrossRef]

	



Kraus, J. Expression and functions of μ-opioid receptors and cannabinoid receptors type 1 in T lymphocytes. Ann. N. Y. Acad. Sci. 2012, 1261, 1–6. [Google Scholar] [CrossRef]

	



Liang, X.; Liu, R.; Chen, C.; Ji, F.; Li, T. Opioid system modulates the immune function: A review. Transl. Perioper. Pain Med. 2016, 1, 5–13. [Google Scholar] [PubMed]

	



Eisenstein, T.K. The role of opioid receptors in immune system function. Front. Immunol. 2019, 10, 2904. [Google Scholar] [CrossRef]

	



Carr, D.J.; Bost, K.L.; Blalock, J.E. The production of antibodies which recognize opiate receptors on murine leukocytes. Life Sci. 1988, 42, 2615–2624. [Google Scholar] [CrossRef]

	



Miller, B. Delta opioid receptor expression is induced by concanavalin A in CD4+ T cells. J. Immunol. 1996, 157, 5324–5328. [Google Scholar]

	



Bidlack, J.M.; Abraham, M.K. Mitogen-induced activation of mouse T cells increases kappa opioid receptor expression. Adv. Exp. Med. Biol. 2001, 493, 103–110. [Google Scholar]

	



Cechova, K.; Hlouskova, M.; Javorkova, E.; Roubalova, L.; Ujcikova, H.; Holan, V.; Svoboda, P. Up-regulation of μ-, δ- and κ-opioid receptors in concanavalin A-stimulated rat spleen lymphocytes. J. Neuroimmunol. 2018, 321, 12–23. [Google Scholar] [CrossRef] [PubMed]

	



Sibinga, N.E.; Goldstein, A. Opioid peptides and opioid receptors in cells of the immune system. Annu. Rev. Immunol. 1988, 6, 219–249. [Google Scholar] [CrossRef] [PubMed]

	



Bidlack, J.M.; Khimich, M.; Parkhill, A.L.; Sumagin, S.; Sun, B.; Tipton, C.M. Opioid receptors and signaling on cells from the immune system. J. Neuroimmune Pharmacol. 2006, 1, 260–269. [Google Scholar] [CrossRef] [PubMed]

	



Sharp, B.M. Multiple opioid receptors on immune cells modulate intracellular signaling. Brain Behav. Immun. 2006, 20, 9–14. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, K.; Miller, B.C. CD28 costimulation induces delta opioid receptor expression during anti-CD3 activation of T cells. J. Immunol. 2002, 168, 4440–4445. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.; Belkowski, J.S.; Briscoe, T.; Rogers, T.J. Regulation of mu opioid receptor expression in developing T cells. J. Neuroimmune Pharmacol. 2012, 7, 835–842. [Google Scholar] [CrossRef] [PubMed]

	



Williams, J.P.; Thompson, J.P.; McDonald, J.; Barnes, T.A.; Cote, T.; Rowbotham, D.J.; Lambert, D.G. Human peripheral blood mononuclear cells express nociceptin/orphanin FQ, but not mu, delta, or kappa opioid receptors. Anesth. Analg. 2007, 105, 998–1005. [Google Scholar] [CrossRef]

	



Borner, C.; Stumm, R.; Hollt, V.; Kraus, J. Comparative analysis of mu-opioid receptor expression in immune and neuronal cells. J. Neuroimmunol. 2007, 188, 56–63. [Google Scholar] [CrossRef]

	



Borner, C.; Kraus, J.; Bedini, A.; Schraven, B.; Hollt, V. T-cell receptor/CD28-mediated activation of human T lymphocytes induces expression of functional mu-opioid receptors. Mol. Pharmacol. 2008, 74, 496–504. [Google Scholar] [CrossRef]

	



Peluso, J.; LaForge, K.S.; Matthes, H.W.; Kreek, M.J.; Kieffer, B.L.; Gavériaux-Ruff, C. Distribution of nociceptin/orphanin FQ receptor transcript in human central nervous system and immune cells. J. Neuroimmunol. 1998, 81, 184–192. [Google Scholar] [CrossRef]

	



Suzuki, S.; Miyagi, T.; Chuang, T.K.; Chuang, L.F.; Doi, R.H.; Chuang, R.Y. Morphine upregulates mu opioid receptors of human and monkey lymphocytes. Biochem. Biophys. Res. Commun. 2000, 279, 621–628. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, S.; Chuang, L.F.; Doi, R.H.; Bidlack, J.M.; Chuang, R.Y. Kappa-opioid receptors on lymphocytes of a human lymphocytic cell line: Morphine-induced up-regulation as evidenced by competitive RT-PCR and indirect immunofluorescence. Int. Immunopharmacol. 2001, 1, 1733–1742. [Google Scholar] [CrossRef]

	



Sedqi, M.; Roy, S.; Ramakrishnan, S.; Elde, R.; Loh, H.H. Complementary DNA cloning of a mu-opioid receptor from rat peritoneal macrophages. Biochem. Biophys. Res. Commun. 1995, 209, 563–574. [Google Scholar] [CrossRef] [PubMed]

	



Chuang, T.K.; Killam Jr, K.F.; Chuang, L.F.; Kung, H.F.; Sheng, W.S.; Chao, C.C.; Yu, L.; Chuang, R.Y. Mu opioid receptor gene expression in immune cells. Biochem. Biophys. Res. Commun. 1995, 216, 922–930. [Google Scholar] [CrossRef]

	



Toskulkao, T.; Pornchai, R.; Akkarapatumwong, V.; Vatanatunyakum, S.; Govitrapong, P. Alteration of lymphocyte opioid receptors in methadone maintenance subjects. Neurochem. Int. 2010, 56, 285–290. [Google Scholar] [CrossRef]

	



Campana, G.; Sarti, D.; Spampinato, S.; Raffaeli, W. Long-term intrathecal morphine and bupivacaine upregulate MOR gene expression in lymphocytes. Int. Immunopharmacol. 2010, 10, 1149–1152. [Google Scholar] [CrossRef]

	



Raffaeli, W.; Malafoglia, V.; Bonci, A.; Tenti, M.; Ilari, S.; Gremigni, P.; Iannuccelli, C.; Gioia, C.; Di Franco, M.; Mollace, V.; et al. Identification of MOR-positive B cell as possible innovative biomarker (Mu lympho-marker) for chronic pain diagnosis in patients with fibromyalgia and osteoarthritis diseases. Int. J. Mol. Sci. 2020, 21, 1499. [Google Scholar] [CrossRef]

	



Maher, D.P.; Walia, D.; Heller, N.M. Suppression of human natural killer cells by different classes of opioids. Anesth. Analg. 2019, 128, 1013–1021. [Google Scholar] [CrossRef] [PubMed]

	



Gaveriaux, C.; Peluso, J.; Simonin, F.; Laforet, J.; Kieffer, B. Identification of kappa- and delta-opioid receptor transcripts in immune cells. FEBS Lett. 1995, 369, 272–276. [Google Scholar] [CrossRef]

	



Sharp, B.M.; Shahabi, N.; McKean, D.; Li, M.D.; McAllen, K. Detection of basal levels and induction of delta opioid receptor mRNA in murine splenocytes. J. Neuroimmunol. 1997, 78, 198–202. [Google Scholar] [CrossRef]

	



Li, M.D.; McAllen, K.; Sharp, B.M. Regulation of delta opioid receptor expression by anti-CD3-epsilon, PMA, and ionomycin in murine splenocytes and T cells. J. Leukoc. Biol. 1999, 65, 707–714. [Google Scholar] [CrossRef] [PubMed]

	



Chuang, L.F.; Chuang, T.K.; Killam Jr, K.F.; Chuang, A.J.; Kung, H.F.; Yu, L.; Chuang, R.Y. Delta opioid receptor gene expression in lymphocytes. Biochem. Biophys. Res. Commun. 1994, 202, 1291–1299. [Google Scholar] [CrossRef] [PubMed]

	



Wick, M.J.; Minnerath, S.R.; Roy, S.; Ramakrishnan, S.; Loh, H.H. Differential expression of opioid receptor genes in human lymphoid cell lines and peripheral blood lymphocytes. J. Neuroimmunol. 1996, 64, 29–36. [Google Scholar] [CrossRef]

	



Belkowski, S.M.; Zhu, J.; Liu-Chen, L.Y.; Eisenstein, T.K.; Adler, M.W.; Rogers, T.J. Sequence of kappa-opioid receptor cDNA in the R1.1 thymoma cell line. J. Neuroimmunol. 1995, 62, 113–117. [Google Scholar] [CrossRef]

	



Alicea, C.; Belkowski, S.M.; Sliker, J.K.; Zhu, J.; Liu-Chen, L.Y.; Eisenstein, T.K.; Adler, M.W.; Rogers, T.J. Characterization of kappa-opioid receptor transcripts expressed by T cells and macrophages. J. Neuroimmunol. 1998, 91, 55–62. [Google Scholar] [CrossRef]

	



Ignatowski, T.A.; Bidlack, J.M. Differential kappa-opioid receptor expression on mouse lymphocytes at varying stages of maturation and on mouse macrophages after selective elicitation. J. Pharmacol. Exp. Ther. 1999, 290, 863–870. [Google Scholar]

	



Karaji, A.G.; Khansari, N.; Ansary, B.; Dehpour, A.R. Detection of opioid receptors on murine lymphocytes by indirect immunofluorescence: Mature normal and tumor bearing mice lymphocytes. Int. Immunopharmacol. 2005, 5, 1019–1027. [Google Scholar] [CrossRef]

	



Belkowski, S.M.; Zhu, J.; Liu-Chen, L.Y.; Eisenstein, T.K.; Adler, M.W.; Rogers, T.J. Detection of kappa-opioid receptor mRNA in immature T cells. Adv. Exp. Med. Biol. 1995, 373, 11–16. [Google Scholar]

	



Ignatowski, T.A.; Bidlack, J.M. Detection of kappa opioid receptors on mouse thymocyte phenotypic subpopulations as assessed by flow cytometry. J. Pharmacol. Exp. Ther. 1998, 284, 298–306. [Google Scholar]

	



Chuang, L.F.; Chuang, T.K.; Killam Jr, K.F.; Qiu, Q.; Wang, X.R.; Lin, J.J.; Kung, H.F.; Sheng, W.; Chao, C.; Yu, L.; et al. Expression of kappa opioid receptors in human and monkey lymphocytes. Biochem. Biophys. Res. Commun. 1995, 209, 1003–1010. [Google Scholar] [CrossRef]

	



Shahkarami, K.; Vousooghi, N.; Golab, F.; Mohsenzadeh, A.; Baharvand, P.; Sadat-Shirazi, M.S.; Babhadi-Ashar, N.; Shakeri, A.; Zarrindast, M.R. Evaluation of dynorphin and kappa-opioid receptor level in the human blood lymphocytes and plasma: Possible role as a biomarker in severe opioid use disorder. Drug Alcohol Depend. 2019, 205, 107638. [Google Scholar] [CrossRef] [PubMed]

	



Gunji, N.; Nagashima, M.; Asano, G.; Yoshino, S. Expression of kappa-opioid receptor mRNA in human peripheral blood lymphocytes and the relationship between its expression and the inflammatory changes in rheumatoid arthritis. Rheumatol. Int. 2000, 19, 95–100. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.; Stüber, F.; Lippuner, C.; Schiff, M.; Stamer, U.M. ERK and p38 contribute to the regulation of nociceptin and the nociceptin receptor in human peripheral blood leukocytes. Mol. Pain 2019, 15, 1744806919828921. [Google Scholar] [CrossRef] [PubMed]

	



Serhan, C.N.; Fierro, I.M.; Chiang, N.; Pouliot, M. Cutting edge: Nociceptin stimulates neutrophil chemotaxis and recruitment: Inhibition by aspirin-triggered-15-epi-lipoxin A4. J. Immunol. 2001, 166, 3650–3654. [Google Scholar] [CrossRef]

	



Mazzone, A.; Mazzucchelli, I.; Fossati, G.; Gritti, D.; Fea, M.; Ricevuti, G. Granulocyte defects and opioid receptors in chronic exposure to heroin or methadone in humans. Int. J. Immunopharmacol. 1994, 16, 959–967. [Google Scholar] [CrossRef]

	



Caldiroli, E.; Leoni, O.; Cattaneo, S.; Rasini, E.; Marino, V.; Tosetto, C.; Mazzone, A.; Fietta, A.M.; Lecchini, S.; Frigo, G.M. Neutrophil function and opioid receptor expression on leucocytes during chronic naltrexone treatment in humans. Pharmacol. Res. 1999, 40, 153–158. [Google Scholar] [CrossRef]

	



Beck, M.; Mirmohammadsadegh, A.; Franz, B.; Blanke, J.; Hengge, U.R. Opioid receptors on white blood cells: Effect of HIV infection and methadone treatment. Pain 2002, 98, 187–194. [Google Scholar] [CrossRef]

	



Vousooghi, N.; Goodarzi, A.; Roushanzamir, F.; Sedaghati, T.; Zarrindast, M.R.; Noori-Daloii, M.R. Expression of mu opioid receptor splice variants mRNA in human blood lymphocytes: A peripheral marker for opioid addiction studies. Int. Immunopharmacol. 2009, 9, 1016–1020. [Google Scholar] [CrossRef]

	



Shen, H.; Sprott, H.; Aeschlimann, A.; Gay, R.E.; Michel, B.A.; Gay, S.; Sprott, H. Analgesic action of acetaminophen in symptomatic osteoarthritis of the knee. Rheumatology 2006, 45, 765–770. [Google Scholar] [CrossRef]

	



Malafoglia, V.; Celi, M.; Muscoli, C.; Ilari, S.; Lauro, F.; Giancotti, L.A.; Morabito, C.; Feola, M.; Tarantino, U.; Raffaeli, W. Lymphocyte opioid receptors as innovative biomarkers of osteoarthritic pain, for the assessment and risk management of opioid tailored therapy, before hip surgery, to prevent chronic pain and opioid tolerance/addiction development: OpMarkArt (Opioids-Markers-Arthroprosthesis) study protocol for a randomized controlled trial. Trials 2017, 18, 605. [Google Scholar]

	



Dothel, G.; Chang, L.; Shih, W.; Barbaro, M.R.; Cremon, C.; Stanghellini, V.; De Ponti, F.; Mayer, E.A.; Barbara, G.; Sternini, C. µ-opioid receptor, β-endorphin, and cannabinoid receptor-2 are increased in the colonic mucosa of irritable bowel syndrome patients. Neurogastroenterol. Motil. 2019, 31, e13688. [Google Scholar] [CrossRef] [PubMed]

	



Stamer, U.M.; Book, M.; Comos, C.; Zhang, L.; Nauck, F.; Stuber, F. Expression of the nociceptin precursor and nociceptin receptor is modulated in cancer and septic patients. Br. J. Anaesth. 2011, 106, 566–572. [Google Scholar] [CrossRef] [PubMed]

	



Gavioli, E.C.; de Medeiros, I.U.; Monteiro, M.C.; Calo, G.; Romao, P.R. Nociceptin/orphanin FQ-NOP receptor system in inflammatory and immune-mediated diseases. Vitam. Horm. 2015, 97, 241–266. [Google Scholar] [PubMed]

	



Steidl, U.; Bork, S.; Schaub, S.; Selbach, O.; Seres, J.; Aivado, M.; Schroeder, T.; Rohr, U.P.; Fenk, R.; Kliszewski, S.; et al. Primary human CD34+ hematopoietic stem and progenitor cells express functionally active receptors of neuromediators. Blood 2004, 104, 81–88. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Chen, W.; Meng, J.; Lu, C.; Wang, E.; Shan, F. Induction on differentiation and modulation of bone marrow progenitor of dendritic cell by methionine enkephalin (MENK). Cancer Immunol. Immunother. 2012, 61, 1699–1711. [Google Scholar] [CrossRef]

	



Abdyazdani, N.; Nourazarian, A.; Nozad Charoudeh, H.; Kazemi, M.; Feizy, N.; Akbarzade, M.; Mehdizadeh, A.; Rezaie, J.; Rahbarghazi, R. The role of morphine on rat neural stem cells viability, neuro-angiogenesis and neuro-steroidgenesis properties. Neurosci. Lett. 2017, 636, 205–212. [Google Scholar] [CrossRef]

	



Willner, D.; Cohen-Yeshurun, A.; Avidan, A.; Ozersky, V.; Shohami, E.; Leker, R.R. Short term morphine exposure in vitro alters proliferation and differentiation of neural progenitor cells and promotes apoptosis via mu receptors. PLoS ONE 2014, 9, e103043. [Google Scholar] [CrossRef]

	



Dholakiya, S.L.; Aliberti, A.; Barile, F.A. Morphine sulfate concomitantly decreases neuronal differentiation and opioid receptor expression in mouse embryonic stem cells. Toxicol. Lett. 2016, 247, 45–55. [Google Scholar] [CrossRef]

	



Sasaki, M.; Abe, R.; Fujita, Y.; Ando, S.; Inokuma, D.; Shimizu, H. Mesenchymal stem cells are recruited into wounded skin and contribute to wound repair by transdifferentiation into multiple skin cell type. J. Immunol. 2008, 180, 2581–2587. [Google Scholar] [CrossRef]

	



Holan, V.; Hermankova, B.; Bohacova, P.; Kossl, J.; Chudickova, M.; Hajkova, M.; Krulova, M.; Zajicova, A.; Javorkova, E. Distinct immunoregulatory mechanisms in mesenchymal stem cells: Role of the cytokine environment. Stem Cell Rev. Rep. 2016, 12, 654–663. [Google Scholar] [CrossRef]

	



Holan, V.; Cechova, K.; Zajicova, A.; Kossl, J.; Hermankova, B.; Bohacova, P.; Hajkova, M.; Krulova, M.; Svoboda, P.; Javorkova, E. The impact of morphine on the characteristics and function properties of human mesenchymal stem cells. Stem Cell Rev. Rep. 2018, 14, 801–811. [Google Scholar] [CrossRef] [PubMed]

	



Holan, V.; Echalar, B.; Palacka, K.; Kossl, J.; Bohacova, P.; Krulova, M.; Brejchova, J.; Svoboda, P.; Zajicova, A. The altered migration and distribution of systemically administered mesenchymal stem cells in morphine-treated recipients. Unpublished.

	



Rook, J.M.; McCarson, K.E. Delay of cutaneous wound closure by morphine via local blockade of peripheral tachykinin release. Biochem. Pharmacol. 2007, 74, 752–757. [Google Scholar] [CrossRef]

	



Chrastil, J.; Sampson, C.; Jones, K.B.; Higgins, T.F. Postoperative opioid administration inhibits bone healing in an animal model. Clin. Orthop. Relat. Res. 2013, 471, 4076–4081. [Google Scholar] [CrossRef] [PubMed]

	



Barlass, U.; Dutta, R.; Cheema, H.; George, J.; Sareen, A.; Dixit, A.; Yuan, Z.; Giri, B.; Meng, J.; Banerjee, S.; et al. Morphine worsens the severity and prevents pancreatic regeneration in mouse models of acute pancreatitis. Gut 2018, 67, 600–602. [Google Scholar] [CrossRef] [PubMed]








[image: Table] 





Table 1. Expression of OR in immune cell-derived cell lines and in untreated immune cells isolated from animals and humans.
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	Opioid Receptor
	Origin
	Cell Type
	References





	µ-OR
	Rat
	Peritoneal macrophages
	[74]



	
	Monkey
	PBMC, polymorphonuclear cells
	[75]



	
	Human
	T/B hybrid cell line (CEMx174 cells)
	[75]



	
	
	Polymorphonuclear cells,

monocytes/macrophages,

CD4+ T cells
	[75]



	
	
	PBL
	[76]



	
	
	PBMC
	[77]



	
	
	T and B cells
	[78]



	
	
	NK cells
	[79]



	δ-OR
	Mouse
	T and B cell lines
	[80]



	
	
	Splenocytes
	[81,82]



	
	Monkey
	PBMC
	[83]



	
	Human
	T, B, and monocytic cell lines,

T/B hybrid cell line (CEMx174 cells)
	[80,83,84]



	
	
	PBL
	[76]



	
	
	NK cells
	[79]



	κ-OR
	Mouse
	Thymoma and macrophage cell lines
	[85,86]



	
	
	Splenocytes
	[87,88]



	
	
	Thymocytes
	[88,89,90]



	
	Rat
	Spleen lymphocytes
	[62]



	
	Monkey
	PBMC
	[91]



	
	Human
	T and B cell lines,

T/B hybrid cell line (CEMx174 cells)
	[80,84,91]



	
	
	PBMC, CD4+ T cells
	[91]



	
	
	PBL, monocytes
	[80,92]



	
	
	T and B cells, macrophages
	[93]



	
	
	NK cells
	[79]



	NOP receptor
	Human
	T, B, and monocytic cell lines
	[71]



	
	
	PBL, monocytes
	[71,94]



	
	
	Polymorphonuclear cells
	[95]



	
	
	PBMC
	[68]



	
	
	NK cells
	[79]
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