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The over-prescription of opioid analgesics is a growing problem in the field of addiction, which has reached epidemic-like proportions in North America. Over the past decade, oxycodone has gained attention as the leading opioid responsible for the North America opioid crisis. Oxycodone is the most incriminated drug in the early years of the epidemic of opioid use disorder in USA (roughly 1999–2016). The number of preclinical articles on oxycodone is rapidly increasing. Several publications have already compared oxycodone with other opioids, focusing mainly on their analgesic properties. The aim of this review is to focus on the genomic and epigenetic regulatory features of oxycodone compared with other opioid agonists. Our aim is to initiate a discussion of perceptible differences in the pharmacological response observed with these various opioids, particularly after repeated administration in preclinical models commonly used to study drug dependence potential.
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Introduction

The over-prescription of opioid analgesics is a growing problem in the field of addiction, which has reached epidemic-like proportions in North America. Of the opioid agonists, oxycodone is the most incriminated drug in the early years of the epidemic of opioid use disorder in USA (roughly 1999–2016), but restrictions on the prescriptions and distribution of oxycodone and other synthetic opiates later resulted in its displacement by the widespread availability of non-prescribed fentanyl and its congeners. France has seen an increase in the use of prescription pain killers (including oxycodone) over the last 15 years, and health officials are concerned about the corresponding rise in addiction and overdoses, an increase that seems more marked in some regions, such as Nouvelle-Aquitaine and Bretagne.1

The number of preclinical articles on oxycodone is rapidly increasing. Several publications have already compared oxycodone with other opioids, focusing mainly on their analgesic properties [(e.g., 1–4)]. Recently, in June 2023, Barrett et al. published a comprehensive review devoted specifically to oxycodone (5). The aim of our study is to focus on the genomic and epigenetic regulatory features of oxycodone compared with other opioid agonists. Our aim is to initiate a discussion of perceptible differences in the pharmacological response observed with these various opioids, particularly after repeated administration in preclinical models commonly used to study drug dependence potential. This area has been the subject of a number of recent publications, underlining the importance of our review.

This review aims to provide a brief historical overview of the development of oxycodone and to better understand its biological characteristics by comparing this opioid with other well-known opioids such as heroin and morphine, as well as buprenorphine for instance.



The brief history of the development of oxycodone

The oldest trace of opium use dates back more than 7,000 years. Interestingly, it has a variety of uses, including anesthesia (6). Indeed, the milky substance obtained from incising the opium capsule contains many alkaloids that have anesthetic and analgesic properties. The primary compounds among these is morphine. It was discovered by Seguin, Courtois and Desrone and described as an alkaloid by Sertürner, between 1804 and 1817. The invention of the hypodermic syringe by Charles Gabriel Pravaz in 1850 greatly facilitated the use of morphine, particularly on various battlefields. However, it soon became apparent that morphine was addictive, just like opium. In 1874, the Bayer company synthesized heroin, a diacetylated derivative of morphine that was quickly found to be a more potent molecule than morphine. A few years later, in 1916, oxycodone was synthesized in Germany from thebaine, another alkaloid found in opium. In 1928, the Merck company introduced an injectable product called Scophedal, which included scopolamine, oxycodone and ephedrine. It caused a profound analgesia and sedation and was extensively used during the 2nd world war. Its use declined after 1945 and was discontinued in 1987 (7). Meanwhile, in 1939, oxycodone appeared on the North American market, but this time not in a combination with other substances.

In the 1990s, oxycodone was often prescribed to treat pain associated with acute traumatic injuries, post-operative pain and cancer pain (8, 9). At the beginning this opioid was popular, due to its ability to improve the quality of life of patients suffering from chronic pain, with low side-effects compared to morphine. However, after few years of prescription there is a lack of evidence regarding the long-term effectiveness of oxycodone, and it clearly appears that long-term oxycodone therapy involves serious health and dependency risks. The production of an extended-release form of oxycodone did not lead to a reduce abuse liability of the drug [review of the driving factors that contribute to misuse of oxycodone in Kibaly et al. (10)].

Thus, at this time oxycodone is considered the most commonly misused prescription opioid, but a change in physician prescription practices in 2009 made prescription opioids less accessible, especially for first-time opioid users (11). Paradoxically total opioid-related overdose deaths between 2013 and 2017 increased substantially, from 25,052 to 47,600 in USA, which was primarily driven by fentanyl and its synthetic, mostly illicit analogs (12). In many cases, fentanyl and its analogs are added to heroin, cocaine and amphetamine-like stimulants, and all these combinations are fueling the opioid epidemic in the U.S. and worldwide (13).



Binding properties

Historically, three opioid receptors have been characterized: mu (MOR), delta (DOR) and kappa (KOR), which have been cloned in the beginning of the 90’s. Morphine is the prototypal opioid with a high affinity for MOR (in the nM range) and good selectivity, with approximately 50 times less affinity for KOR and no binding to DOR (14).

Oxycodone (6-deoxy-7,8-dihydro-14-hydroxy-3-O-methyl-6-oxomorphine) is a semi-synthetic opioid synthesized from thebaine. It has a lower affinity for MOR compared to morphine (5 to 40 times lower, depending on the studies) and binds to KOR and DOR with very low affinity, in the μM range (Table 1). Oxycodone is mainly metabolized into noroxycodone by CYP3A4/5 and into oxymorphone via CYP2D6. These two metabolites are ultimately transformed into noroxymorphone. While noroxycodone is inactive, oxymorphone and noroxymorphone are active metabolites. Oxymorphone has a higher affinity than oxycodone (16) for MOR and also a greater efficacy and potency (measured by receptor coupling) (4). It is used as an analgesic in both veterinary and human medicine. Noroxymorphone, such as oxymorphone, has greater efficacy and potency toward MOR (26).



TABLE 1 Pharmacokinetic and pharmacodynamic properties of opioid ligands and their metabolites.
[image: Table1]

Interestingly, heroin is a weak MOR ligand with about 100 times lower affinity than morphine (16). It behaves as a prodrug; indeed, it is rapidly converted to 3-(3-MAM) and 6-Monoacetylmorphine (6-MAM, the most active metabolite) and finally to morphine. Regarding their activity on MOR, all three opiates (heroin, morphine, oxycodone) activate MOR with similar efficacy but with differences in potency, as measured in the GTPγS assay: morphine > oxycodone > > heroin (16). Efficacy (Emax) is the capacity of a drug to produce a maximum response, and potency is the amount of drug needed to produce a certain amount of response.

Regarding other opioid ligands, the binding affinity to MOR of hydromorphone is around 3 times greater than that of morphine (27). Buprenorphine is an oripavine derivative with mixed agonist–antagonist activity at classical opioid receptors, mu, delta, kappa and ORL-1. In this way, buprenorphine is a unique drug with a complex pharmacology [see (19)]. Buprenorphine is a potent partial MOR agonist with a very high affinity (0.08 nM), and with a long duration of action related to a very slow receptor kinetics/receptor dissociation rates (28, 29). In pioneering studies conducted in rodents, buprenorphine displayed a ceiling effect, exerting only partial analgesia compared to morphine or more effective agonists (30). Nevertheless, more recent studies have not shown this ceiling effect in other species such as humans where buprenorphine is quite powerful (31).



Blood–brain barrier, and rate of delivery to the brain

Despite their common core structure, heroin, oxycodone and morphine have different pharmacokinetic properties. Owing to the presence of two acetyl groups, heroin is the most lipophilic, with a miLogP (calculated with https://www.molinspiration.com) of 1.61 compared to morphine and oxycodone, which have miLogP values of 1.1 and 0.79, respectively. Therefore, heroin rapidly reaches the brain after intravenous injection, with a Tmax of 1.5 min in rat brain extracellular fluid (32). Once in the brain, it is sequentially hydrolyzed into 6-Monoacetylmorphine (6-MAM) and then into morphine (33). Both of these metabolites activate MOR. In fact, 6-MAM like morphine (see above) is a potent MOR agonist (34). Regarding morphine, its lower lipophilicity, combined with its uptake by efflux pump such as Pgp (P-glycoprotein), slows its brain penetration. The Tmax in brain cortical microdialysate after subcutaneous injection is 45 min (35). Interestingly, the partition coefficient for hydromorphone is almost twice that of morphine, which explains why hydromorphone is approximately 6–8 times more potent than morphine whereas the binding affinity reported is only 3 times greater (27). Oxycodone penetrates the blood brain barrier (BBB) well, likely with the help of active transport (36), resulting in a fast onset of action. Therefore, the onset of analgesic effect is observed very rapidly after intravenous administration in humans (Tmax ~6 min) (37, 38) and after 15 min in rats after intraperitoneal or subcutaneous administration (39). In both cases, it is faster than morphine. Metabolites of oxycodone, noroxymorphone and oxymorphone have a reduced ability to penetrate the blood–brain barrier (40, 41).



Molecular adaptations following chronic treatments


Gene regulations

The consequences of chronic opioid treatment are manifested by increased drug craving, tolerance development and expression of withdrawal symptoms when the opioid is discontinued. Each of these features is a result of adaptive changes in the expression levels of several genes. Numerous genes have been identified in different brain regions that are either upregulated or downregulated in responses to repeated opioid exposure. However, comparing published results has always been a challenge because opioid exposure and subsequent drug withdrawal induce different phase-specific temporal gene expressions. Thus, different gene regulations may be observed during drug exposure, shortly after termination of drug-exposure, or after long-period of abstinence [(e.g., 42); see Table 2].



TABLE 2 Gene regulations in rodents following different opioid treatments.
[image: Table2]

To obtain a global profile of genes regulated by repeated oxycodone administration (8 days 15 mg/kg i.p., twice daily, with sacrifice 12 h after the last injection) Affymetrix microarrays have been used. Oxycodone regulates numerous genes that are involved in important biological processes, including drug metabolism, immune response, organic anion transport, antigen presentation via MHC class II molecule, the dopamine receptor signaling pathway, and the transmembrane receptor tyrosine kinase signaling pathway. In this study, the authors observed that many genes regulated by oxycodone have previously been reported to be modulated by morphine as well (43, 45).

Several genes that have previously been shown to be regulated by chronic opiate treatment also appear regulated following oxycodone exposure. This was observed 24 h after the last oxycodone self-administration session in rats (2 h/day, 5 day/week, 20 sessions) in the dorsal striatum and/or nucleus accumbens. Oxycodone induces the downregulation of Adcy5 mRNA in the dorsal striatum, upregulation of c-Fos in the nucleus accumbens, and upregulation of Egr2 in both structures (46). In mice, 1 h after the last oxycodone administration, in a model of intravenous self-administration (4 h/day, 14 consecutive days), significant regulation of 5 genes was observed in the ventral striatum, Htr7, Glra1, Galr1, Htr2a and Pomc (47).

Globally, all opioid agonists are able to regulate genes of opioid system coding for MOR, KOR and DOR (49–53) and for endogenous opioid peptides (proopiomelanocortin, prodynorphin, proenkephalin) (54–56), plasticity (Arc, Bdnf, Npy, Cdh2…), stress (Avpr1a, Crh, Crhr1, Crhr2, Nr3c1, Fkbp5), and kinases and signaling [Akt1, Arrb1, Arrb2, Mapk1…; (e.g., 57)]. However, differences in the activation levels of signaling molecules may be observed among opioid (58). These differences could be attributed to variations in experimental procedures and/or on more complex factors. In a recent study, distinct transcriptional responses to oxycodone and buprenorphine were reported in induced pluripotent stem cells-derived brain organoids from patients with opioid use disorder. Oxycodone primarily affected transcriptional responses in neurons, whereas buprenorphine significantly regulated transcription in glial cells. Specifically, oxycodone, but not buprenorphine, was found to induce STAT1, a transcription factor that interacts with several genes in the interferon signaling pathway (59). The pharmacokinetics and /or pharmacodynamics properties of the different opioids may also be responsible of differences in gene and protein regulations. For instance, repeated treatment with oxycodone was shown to increase the expression of Psd95 in the hippocampus (60), similar results were observed with heroin in the nucleus accumbens (61), but a decrease was observed in both the prefrontal cortex and the hippocampus following treatment with morphine (62). The reasons for these regulatory differences are unknown. However, as mentioned earlier, it is well established that oxycodone, morphine, and heroin exhibit distinct pharmacokinetic (PK) and pharmacodynamic (PD) characteristics.



Activation of ERK pathway

Previous studies have demonstrated that addictive drugs can increase the phosphorylation of ERK in specific brain regions. Furthermore, the activation of ERK induces the phosphorylation of various transcription factors, including CREB, which regulates genes and protein expression involved in addictive processes. Table 3 reports homogeneous results regarding ERK and CREB phosphorylation in a conditioned place preference model, regardless of opioid use or animal model. In mice, both fentanyl and morphine increase the phosphorylation of ERK and CREB in the hippocampus, nucleus accumbens, and prefrontal cortex, but not in the striatum (63–65). In rats, some differences may be observed between morphine and oxycodone in certain brain structures, such as the hippocampus and prefrontal cortex, concerning both phosphoERK and phosphoCREB (66–68). As a transcription factor, CREB could regulate many targets (69) and some could be retrieved among the gene regulated by opioids (Table 2). For instance, genes coding for Neuregulin, GABA subunits or NMDA subunits are CREB targets (70–72), and were found to be upregulated after opioid treatment (see Table 2). Similarly, activation of the ERK pathway initiates cell-specific gene regulation necessary for changes in synaptic efficacy. And both CREB and ERK pathways have been shown to regulate circadian clock genes (73–75), which are regulated by morphine and oxycodone [Table 2; (43, 45)].



TABLE 3 Regulation of phospho-ERK and phospho-CREB by opioid-induced conditioned pace preference.
[image: Table3]



Epigenetics regulation

Gene regulation may involve epigenetic changes that include post-translational histone modifications (mainly methylation and acetylation), DNA methylation, and miRNAs. Thus, opioids have been reported to induce histone modifications (76, 77), such as increased histone H3 acetylation, which plays a crucial role in heroin- or morphine-induced conditioned place preference (CPP), suggesting the involvement of this post-translational modification in opioid-mediated behaviors. This hypothesis is supported by the evidence showing that inhibition of histone deacetylases (HDAC) enhances morphine-associated memory formation (78) and promotes the reinstatement of heroin-seeking induced by heroin priming in heroin intravenous self-administration paradigms (79). Moreover, these changes in histone acetylation observed in rodents are consistent with a study reporting increased acetylation of H3K27 in the post-mortem striatum of heroin addicts (80). Interestingly, this histone modification can regulate the expression of glutamate receptor subunits, in accordance with the data reported in Table 2. Publications specifically investigating histone modifications by oxycodone are relatively scarce. One paper reported that an inhibitor of bromodomain and extra-terminal (BET) proteins, a class of histone acetylation readers, was unable to alter oxycodone-induced CPP in mice (81). In another study, using a model of intravenous self-administration, it was shown that oxycodone leads to an increase in histone H3 phosphorylation at serine 10 and acetylation at lysine 14 (82). Interestingly, this histone acetylation is mediated by CREB pathway, which is consistent with other studies that have shown that oxycodone activates CREB (Table 3).

Changes in histone and DNA methylation have also been reported after opioid exposure (76, 77). Thus, it was shown that oxycodone induces a decrease in global DNA methylation, with modifications in the expression of genes involved in synaptic function and plasticity (e.g., arc that is regulated by opioids, see Table 2), as well as regulation in the transcription of DNA methyltransferases (DNMTs) (60, 83). DNMTs are responsible for adding methyl groups to cytosine-guanine dinucleotides (CpGs) in the genome. In mammals, the main DNMTs include DNMT1 which is responsible for DNA methylation maintenance and another two “de novo” methyltransferases that establish new methylation patterns (DNMT3A and DNMT3B). It has been observed that opioids may regulate theses DNMT, although the specific effects may vary depending on the opioid and the experimental models. Thus, a decrease in the expression of DNMT1 was observed in the hippocampus in all phases of oxycodone-induced CPP (acquisition, expression, extinction and reinstatement) (60), while an increase of DNMT1 in the nucleus accumbens was observed in a model of heroin self-administration (84). DNMT3 expression was increased in the hippocampus of rats exposed to morphine self-administration (85), but not in the CPP with oxycodone (60), or in heroin self-administration (84).

Gene expression can also be regulated at the transcription and translation levels by non-coding RNA, including miRNA and long noncoding RNA. However, only a few studies have been performed with opioids. In a clinical study, comparing acute administration of hydromorphone and oxycodone in healthy subjects, of 179 plasma miRNAs measured, 9 miRNAs were commonly upregulated and 17 miRNAs were commonly downregulated (86). The authors attributed these results to the different pharmacodynamic properties of both opioids, with hydromorphone primarily binding to MOR and to a lesser extent to DOR, while oxycodone activates multiple receptors, including KOR. In another study, overexpression of miR-9 was reported in serum of metamphetamine but not heroin abusers (87). MiR-9 is of interest as it has been found to play a critical role in drug addiction-associated hippocampal synaptic plasticity and memory by directly affecting the expression of genes related to impaired hippocampal long-term potentiation (88). MiR-9 also has been shown to directly or indirectly regulate a number of genes involved in reward function, including dopamine D2 receptors (89), which is regulated by chronic morphine and oxycodone treatments as shown in Table 2 (42, 47). A preclinical study demonstrated that chronic morphine treatment decreased the expression of miR-9 in the prefrontal cortex (90). However, this regulation appears to be complex and dependent on the type of drug and the brain region analyzed, as cocaine was shown to increase miR-9 expression in the nucleus accumbens, and decrease its expression in the dorsal striatum (91). Regulation in the nucleus accumbens is certainly crucial in addiction, as overexpression of miR-9 in this brain region increases escalation of oxycodone self-administration (92).

In conclusion, it is well established that opioids induce numerous transcriptional and epigenetic regulations. However, differences may also arise depending on the specific opioid agonist used, although comparisons may be challenging due to differences in exposure and protocols across studies. These differences may also be influenced by pharmacokinetic and pharmacodynamic properties (93), including factors such as affinity, intrinsic efficacy, and speed of crossing the blood–brain barrier.




Behavioral consequences of chronic opioid treatments

Addiction is a complex brain disease that affects behavior in various ways. It is characterized by compulsive drug-seeking and drug-taking behaviors, as well as loss of control over drug intake, despite negative effects on health, social interactions, and occupational functions. Repeated exposure to opioids leads to long-lasting neuroadaptations that contribute to the behavioral changes associated with addiction. Rodents provide an accurate model for studying these addictive behaviors.


Locomotor sensitization

Sensitization is a phenomenon in which a specific behavioral, physiological, or cellular response increases over time following repeated exposure to a particular drug of abuse. These sensitized responses are long-lasting and can persist for weeks or months. One commonly studied measure in preclinical studies is the sensitization of locomotor activity induced by drugs of abuse. Behavioral sensitization paradigms are believed to mimic the lasting maladaptive changes in the brain that occur after repeated drug intake, leading to increased sensitivity to the neurobiological effects of abused drugs. These adaptations are believe to contribute to an increased propensity for intake, abuse, and relapse. All opioid agonists have the ability to induce locomotor sensitization, but some differences may be observed. In previous studies (94, 95) we highlighted the importance of the specific agonist used to promote sensitization, as well as the patterns of drug administration. In these studies mice were treated with escalating doses of morphine, methadone or buprenorphine during 5 days given either once (binge) or three times a day (TTD). Methadone and morphine were found to induce locomotor sensitization under both conditions (binge and TTD), whereas locomotor sensitization was restricted to binge treatment with buprenorphine. Moreover the sensitization observed with buprenorphine was less than that observed with methadone. These differences could be explained by the partial mu opioid agonistic properties of buprenorphine, as compared to full agonists like methadone or morphine. Moreover buprenorphine also has a long half-life [about 3 h (96)] and a slow dissociation rate from mu opioid receptor (29).

On the other hand, while locomotor sensitization is observed following repeated treatments with morphine, heroin, and oxycodone (94, 97, 98), it is interesting to see that this effect is stronger in adolescent rodents compared to adults with oxycodone (99) and morphine (100), but not with heroin (101). These results point out that the effects of opioid agonists often differ. The reasons for these differences are not yet known, but they may involve variations in pharmacokinetic and pharmacodynamic properties, as previously reported regarding the molecular adaptations following chronic treatments.



Conditioned place preference

Another popular paradigm utilized in modeling opiate addiction is the conditioned place preference approach. A typical CPP experiment is conducted using a two-compartment apparatus that incorporates unique environmental cues (i.e., tactile, visual) in each compartment, or a three-compartment apparatus with a neutral (non-paired) chamber. During conditioning, the animal receives repeated passive drug injections followed by confinement to one of the two compartments, allowing the formation of associations between drug effects and contextual cues, and the other compartment with a neutral substance such as saline. Following conditioning, animals are tested in a drug-free state, and if the animal spends more time in the drug-conditioned compartment, then the drug is considered to have a rewarding effect.

The CPP paradigm can also be used to model relapse. After standard conditioning and testing for a place preference, animals undergo extinction either by additional conditioning with only saline in both compartments, or by repeated placement into the testing apparatus, which reduces preference for the drug-paired compartment in the absence of additional drug conditioning sessions. Following extinction, animals are exposed to either stress or a priming injection of the original conditioning drug, which are sufficient to reinstate CPP, and thus serve as potential models of relapse (102, 103).

All opioid agonists, including the partial agonist buprenorphine, are able to induce a CPP, and no differences in the magnitude of morphine-, oxycodone-, and heroin-induced CPP have been observed (104). One limitation of the CPP paradigm is the lack of a clear dose dependency, although some studies have described opioid agonist-induced CPP as dose-dependent (105). However, it has been suggested that the persistence of CPP extinction may be an alternative measure to assess the rewarding efficacy of drug doses in cases of non-dose-dependent effects. Interestingly, it appears that more extinction sessions are required to extinguish morphine-induced CPP compared to oxycodone and heroin (104).

Another intriguing finding from comparing different opioid agonists in CPP is that a nociceptin agonist reduces oxycodone-induced CPP (with a right-shift of the minimal active dose by 100-fold), while a smaller effect was observed with morphine (2-fold shift) or heroin (3-fold shift) (106). Since the rewarding effects of opioids are mediated by increased dopaminergic activity in the mesocorticolimbic system, and nociceptin receptors in the brain can reduce dopamine levels (107–112), it is plausible to speculate that the observed differences in CPP reflect varying impacts of the opioid agonist on dopamine release. This is consistent with the study of Vander Weele et al. (113) which demonstrated dramatic differences between morphine and oxycodone in their patterns of drug-evoked dopamine transmission. Oxycodone induced a long lasting dopamine release in the nucleus accumbens lasting more than 35 min, while morphine produced a brief increase in dopamine levels, significant only during the first minute following drug administration. The implications of dopamine levels quickly returning to baseline after morphine delivery, but not after oxycodone administration are not yet clear, but this difference may contribute to the high misuse of oxycodone and the opioid crisis.



Intravenous self-administration paradigms

The intravenous self-administration model is one of the paradigms used in preclinical addiction studies. Prior to 2017, the number of publications on self-administration models with oxycodone was very small. However, there has been a significant increase in publications since then, although still relatively small compared to the number of publications on psychostimulants. Currently, publications on oxycodone represent about 20% of the publications on opioids (source: PubMed, using keywords: oxycodone or opioid/self-administration/rat). Several models have been developed using intravenous self-administration. By modifying the daily duration of access to the drug, two distinct populations of animals can be obtained. Animals with short access per day (e.g., 1 h per day, referred to as ShA for Short Access) typically exhibit controlled and limited drug use during self-administration session. On the other hand, animals with prolonged access (e.g., 6 h per day, referred to as LgA for Long Access), tend to show a rapid escalation of drug intake that becomes excessive and compulsive. Therefore, LgA rats exhibit behavioral characteristics that are indicative of addiction, and this model has been characterized and validated with multiple substances of abuse (e.g., cocaine, heroin, methamphetamine) (114–117). However, some discrepancies can be observed, particularly with oxycodone. While some authors have reported a lack of escalation during restricted access (1 or 3 h) (118, 119), a recent study has highlighted that the number of infusions and active lever presses increased over the course of the sessions under both LgA and ShA conditions (120).

In a recent study (121) we compared the effects of morphine, heroin and oxycodone using the LgA model of intravenous administration. In this experiment, self-administration trials were conducted 5 days per week, and a total of 22 sessions were performed. All three opioids resulted in the development a self-administration behavior in the rats. However some differences could be observed. One of the notable difference was that while heroin consumption showed a gradual increase, the patterns were different for morphine and oxycodone. With these two opioids, we consistently observed peaks in consumption during the sessions conducted after 2 days without access to the drug. The reasons for these differences between heroin, on one hand, and morphine and oxycodone, on the other hand, are difficult to explain. One hypothesis could be related to the pharmacokinetic properties of the drugs used. Heroin has a very rapid neural effect following intravenous administration compared to morphine and oxycodone (see “Blood–brain barrier, rate of delivery to the brain” section). Therefore, it can be speculated that when the craving is strong after 2 days without the drug, the animal may exhibit a behavior aimed at achieving a faster increase in brain concentrations. This behavior may involve a higher number of injections in an attempt to rapidly raise the cerebral concentrations, especially with molecules that have a low Tmax (such as morphine and oxycodone). This behavior is likely unnecessary with heroin because it reaches the brain very quickly, providing rapid relief.

Another intriguing finding observed (121) was the heterogeneity within the LgA groups exposed to heroin and oxycodone, in contrast to the morphine LgA group. When calculating the ratio between the number of presses on the active lever and the number of injections, a clear distinction emerged. The morphine-exposed rats exhibited a highly homogeneous pattern, as the ratio was close to 1 for all animals (indicating an equal number of lever presses and infusions). However, in the case of heroin and oxycodone, the animals could be divided into two distinct groups: those with a ratio close to 1, and those with a ratio > 1.5 (indicating a higher number of lever presses than infusions, likely due to lever presses during the 20-s timeout following an infusion). This specific pattern may reflect compulsive behavior. Approximately one-third of the rats exhibited such behavior with both heroin and oxycodone. This observation is in line with recent studies showing that in rats with long access to drugs, two different populations can be distinguished: those who maintain moderate, controlled drug consumption, and those who show an escalation in their consumption (119, 122).

Based on these findings, it could be suggested that oxycodone and heroin have a stronger potential for abuse than morphine, and some rats may develop behavior that can be described as compulsive. Although all three opioids studied may have abuse potential, as previously observed in the clinic (123), when considering some behavioral parameters measured in the intravenous self-administration paradigm, morphine may be considered safer, while oxycodone and heroin exhibit more risky behaviors such as escalation of use and the development of compulsive behavior in some individuals. However, it is important to note that craving is likely significant for all these opioids, including morphine, as suggested with a peak of injections systematically observed after 2 days without access to the drug.

Several human studies have also examined the dependence potential of oxycodone compared with other opioids. This review focuses mainly on preclinical studies, however, and will not go into detail. Nevertheless, it is worth mentioning that in opioid-dependent subjects, oxycodone is generally identified as the more desirable drug compared with substances such as methadone or morphine (124). This may be explain by the favorable pharmacokinetic parameters of oxycodone, e.g., better brain penetration, formation of long half-life metabolites, longer dopamine release [review in Kibaly et al. (10)].




Conclusion

The aim of this review was to provide a brief overview, with a focus on dependence, of the preclinical data obtained with oxycodone and to compare the results with those obtained with other opioid ligands, especially morphine and heroin. These two agonists are widely used, with morphine known for its analgesic properties and heroin used for drug abuse. This analysis clearly shows that, while these three opioids share a common target, MOR, they lead to different molecular and cellular regulations, and thus to different behavioral adaptations. It is not yet clear how we can explain these differences, however one of the key features may be differences in pharmacodynamic and pharmacokinetic properties, as described here. These differences make each opioid ligand unique.

Opioids are known to induce numerous side-effects, among them overdoses have become a serious health issue, especially in case of overuse. Most opioid-related deaths are caused by respiratory depression, which essentially involve activation of mu opioid receptors. Interestingly, as reported in the present review in the field of dependence, some differences may be observed between morphine, heroin, and oxycodone regarding brain oxygen changes following administration of these opioid ligands. Thus, Kiyatkin (125) reports that morphine and oxycodone were clearly less potent to induce brain hypoxia than heroin, and these differences could be due to specific pharmacokinetic properties.
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