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GHB and GBL are highly accessible recreational drugs of abuse with a high risk of adverse effects and mortality while no specific antidotes exist. These components can also be found in the clinical setting, beverages, and cosmetic products, leading to unwanted exposures and further intoxications. As the structural analogue of GABA, GHB is suggested as the primary mediator of GHB/GBL effects. We further suggest that GBL might be as critical as GHB in this process, acting through PPARγ as its receptor. Moreover, PPARγ and PON (i.e., the GHB-GBL converting enzyme) can be targeted for GHB/GBL addiction and intoxication, leading to modulation of the GHB-GBL balance and blockage of their effects. We suggest that repurposing substances with lactone moiety such as bacterial lactones, sesquiterpene lactones, and statins might lead to potential therapeutic options as they occupy the active sites of PPARγ and PON and interfere with the GHB-GBL balance. In conclusion, this hypothesis improves the GHB/GBL mechanism of action, suggests potential therapeutic options, and highlights the necessity of classifying GBL as a controlled substance.
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INTRODUCTION
γ-Hydroxybutyric acid (GHB) and γ-Butyrolactone (GBL) are recreational drugs of abuse with easy accessibility and low cost but high risk of adverse effects and mortality (P Busardo and W Jones, 2015). These drugs are categorized as central nervous system depressants (Wong et al., 2004). Direct abuse of GHB and GBL might not be as prevalent as other drugs; however, they possess a steep dose-response curve and a narrow safety margin between a recreational dose and a fatal dose; hence, overdoses can quickly become life-threatening while no specific antidotes are available (P Busardo and W Jones, 2015). GHB is classified as a schedule I controlled substance in the USA and schedule III or IV in the EU nations (P Busardo and W Jones, 2015). In contrast, the classification of GBL as a controlled substance is controversial due to its extensive unavoidable applications (P Busardo and W Jones, 2015). In addition to the recreational usage of GHB and GBL, individuals can be exposed to these components though other routes, such as the application of GHB in the clinical setting. Moreover, GHB and GBL are produced in the process of wine production, leading to concerns about its unwanted intoxication (Addolorato et al., 1998; Elliott and Burgess, 2005). GBL has also found a place in cosmetic and industrial applications such as the production of nail polishes (Rambourg-Schepens et al., 1997), batteries (Belov and Shieh, 2012; Papović et al., 2017; Shi et al., 2017; Papović et al., 2018), and solar cells (Venkatesan et al., 2015), increasing the chance of exposure and further intoxication. In addition, GBL possesses therapeutic properties for certain clinical settings, such as alcohol addiction (Fadda et al., 1983) or seizures (Depaulis et al., 1988), while its level in the brain is related to anesthesia and induction of sleep (Bessman and Skolnik, 1964); which might act as potential causes of intoxication. GBL has also been identified in the liquid from Virginia Tobacco flavored pods (Holt et al., 2021).
GHB is considered the structural analogue of GABA (P Busardo and W Jones, 2015) and acts on GABA receptors directly, while a family of GHB receptors exists, which regulate GABA-ergic activities (Corkery et al., 2015). Following the oral administration of GHB, the absorption and distribution of the drug occur quickly, leading to behavioral manifestations in about 15 min (Galloway et al., 1997). Vomiting, ataxia, no gag reflex, acute delirium, confusion, agitation, hypothermia, clonic muscle movements, respiratory depression, coma, sudden altered states of consciousness, and death are the typical sign and symptoms of GHB overdose, and many patients will require intubation (P Busardo and W Jones, 2015; Krasowski, 2019). The clinical features of GHB and GBL toxicity are discussed in (Liechti and Kupferschmidt, 2004; Liechti et al., 2006; Wood et al., 2011). As no effective antidotes exist, supportive care is remained as the only option to save the patients (Schep et al., 2012). However, further investigations on the enzymes involved in the activation/deactivation of GHB and GBL, such as PON and their regulatory pathways, might lead to a treatment option for overdosed patients.
GHB is also an endogenous metabolite of γ-Aminobutyric acid (GABA) found in mammalians (Brennan and Van Hout, 2014). GHB and GBL can readily transform into each other through lactonase/lactonizing activity of Paraoxonase (PON) (Teiber et al., 2003). It has been postulated that GHB is the primary mediator of GHB/GBL depressant effects. In this sense, GBL is also converted to GHB by PON to mediate the recreational and toxic effects (P Busardo and W Jones, 2015; Krasowski, 2019). PON is a family of enzymes that consists of three members (PON1, PON2, and PON3) with hydrolase activity (Khersonsky and Tawfik, 2005). PONs were recognized as anti-oxidative agents involved in hydrolyzing various toxins such as paraoxon. However, recently it has been proposed that lactones (e.g., GBL) are PONs’ native substrates and PONs are primarily lactonases/lactonizing enzymes, both confirmed by biochemical and structural investigations (Teiber et al., 2003; Harel et al., 2004; Draganov et al., 2005; Hu et al., 2009). Lactones accommodate in the hydrophobic pocket of PONs through hydrophobic interactions, but the size of the lactone ring and ring substituents would determine the binding properties (Khersonsky and Tawfik, 2005; Hu et al., 2009). Since PONs can convert hydroxyl fatty acids to lactones and vice versa, it is suggested that endogenous metabolites could act as native substrates of PONs (Teiber et al., 2003). Similarly, it is also demonstrated that GHB, as an endogenous metabolite, can transform into GBL and vice versa through PON’s activity (Teiber et al., 2003). It is worth noting that peroxisome proliferator-activated receptors γ (PPARγ) regulates the expression of PONs through substances with lactone moiety, which further strengthens the previous observations (Camps et al., 2012; Bedi et al., 2016; Coquant et al., 2020). Exogenous substances with lactone moiety can interfere with the enzymatic activity of PON and its regulation through PPARγ, making them potential treatments for conditions involving PON.
Drug repurposing aims to evaluate the compounds that have already been tested in humans and have demonstrated an acceptable level of safety and tolerability for being utilized outside the scope of their original medical indication (Strittmatter, 2014; Pushpakom et al., 2019). Low risk of failure and reduced time frame and cost make drug repurposing a considerable approach for drug discovery (Pushpakom et al., 2019). Potential candidates for new purposes can be identified through various methods, including investigating shared mechanisms of action of different drugs, comparing their chemical signatures and the relationship to biological activity, and retrospective clinical analysis (Pushpakom et al., 2019). Treatment of addictive substance abuse disorders has already benefited from the drug repurposing approach, and interestingly PPARγ has been among the targets (James et al., 2020; Galaj et al., 2021; Sagheddu et al., 2021). Illuminating the underlying mechanism of GHB/GBL intoxication and addiction is necessary to effectively treat this condition.
Understanding the underlying mechanism of GHB/GBL intoxication and addiction is also of importance in determining the addictive and intoxicating levels of these compounds since they are also produced endogenously. Demonstrating the existence and measuring the level of GHB and GBL in biological fluids and matrices is beneficial in identifying the abusers, detecting possible intoxications, and predicting the clinical course and the response to the treatment. Various methods such as colorimetry (Baumes et al., 2010), chromatography and spectrometry (LeBeau et al., 2000; Schröck et al., 2014; Busardò et al., 2016), capillary electrophoresis (Bortolotti et al., 2004), gravimetric sensing (Brutschy et al., 2013), and fluorescent sensors (Zhai et al., 2013) have been developed and utilized for this purpose. However, due to conversion of GHB and GBL into each other, their relative instability, and involvement of both compounds in addiction and intoxication, determining the level of actual effective compound and interpretation of clinical conditions would become inaccurate, indicating the significance of developing more advanced methods detecting the total true effective compounds.
Herein, we intend to propose a model to complete the mechanism of action of GHB and GBL as recreational drugs and introduce potential candidates with lactone moiety for repurposing to treat GHB and GBL addiction and overdose as a severe and yet unsolved health issue.
Hypothesis
It has been stated before that GHB mediates the effects of GHB/GBL intoxication; therefore, the role of GBL and its bioactivity are overlooked in the mechanism of GHB/GBL addiction and intoxication. We hypothesize that GBL also plays a critical role in the process of this abusive behavior, addiction, and further intoxications through a specific receptor known as PPARγ. The level of GBL in the body can be increased as a result of GBL consumption or conversion of exogenous GHB to GBL. To be more detailed, GBL, exogenously applied or endogenously produced from the transformation of GHB through enzymatic or spontaneous processes, impose at least part of the addictive or intoxicating effects of GHB or GBL.
This hypothesis completes the current mechanism of action of GHB/GBL intoxication, which suggests that GHB is the primary mediator of GHB/GBL effects through binding to GABA receptors. Through the current hypothesis, we raise the issue that the direct effects of GBL through its specific receptors might be as critical as the effects of GHB in the process of addiction and intoxication, and the latter mechanism of action might not thoroughly explain the clinical effects of GHB and GBL. Introducing PPARγ as a new component in the pathophysiological process of GHB/GBL addiction and intoxication leads to a new target (in addition to PON as a pivotal component) for effective treatments.
In line with our hypothesis, it has been observed that GBL possesses higher potency and faster onset of effects than GHB (Goodwin et al., 2009), indicating that GBL might be the primary mediator of GHB’s primary effects. In this case, either GHB’s effects through GABA receptors might be slower/weaker than GBL’s effects through its receptors, or the GHB conversion into GBL via PON takes time. The mediating effect of GBL in abuse of GHB and GBL had been overlooked before since neither a receptor nor a pathway was being specified for it; however, the function of PPARγ as a receptor for substances with lactone moiety [see (Cooley et al., 2010) and (Lin, 2012)] strengthens a new model on the involvement of GBL as the main mediator and a bioactive molecule. Interestingly, in line with this model, PPARγ has been found significant in the process of addiction, and it is currently being targeted for its treatment (Foll et al., 2013; Panlilio et al., 2013; Warden et al., 2016; Matheson and Le Foll, 2020; Quiroga et al., 2021). The new model might pave the road to the discovery of novel antidotes for GHB and GBL intoxication as it restates a new mediator and receptor.
Potential antidotes can also be suggested according to the pharmacological mechanisms in which GHB and GBL are involved in. PON, as a lactonase/lactonizing enzyme, is significantly involved in both the activation and deactivation of GHB and GBL. PPARγ, as a regulator of PON, is also playing an essential role in GHB and GBL effects or their elimination. Moreover, PPARγ is involved in metabolic pathways, which might be affected by GHB and GBL. It has been found that lactones are native substrates of PON, and they can specifically bind to PPARγ and change its activity (Draganov et al., 2005; Hu et al., 2009; Cooley et al., 2010; Griffin et al., 2012); Therefore, we hypothesize that substances with lactone moiety can potentially alternate the lactone-acid balance of GHB and GBL, leading to their attenuated activity via accommodating the active site of PON and interfering with its function (Figure 1) and affecting PPARγ. In other words, they can act as competitive agonists or antagonists. In addition, they might regulate the expression of PON through the PPARγ-mediated signaling pathway. In the case of excess GBL, via inducing the expression of PON through PPARγ or increasing the activity of PON by substances with lactone moiety, it is possible to hinder the destructive effects of GBL through its conversion into GHB, which enters the Krebs cycle (Corkery et al., 2015). Moreover, blocking PPARγ via substances with lactone moiety would intercept the PPARγ-meditated effects of GBL. On the other hand, in the case of intoxication with GHB, via its partial conversion to GBL through PON, it is possible to reduce the GABA-receptor-mediated effects of GHB. GHB and GBL intoxication not only occur due to abusive behaviors but also in the following of clinical administration of GHB, overuse of cosmetic products, or unsafe contact with industrial materials. Therefore, the current hypothesis might be found effective in treating various patients. Statins, bacterial lactones, and sesquiterpene lactones are some substances with lactone moiety that can be repurposed for the treatment of GHB and GBL addiction and overdose. Interestingly, these substances have been found influential on the expression and activity of PON.
[image: Figure 1]FIGURE 1 | Schematic illustration of hypothesis. The three-dimensional illustrations of proteins were obtained from PDBe hosted by EMBL-EBI (https://www.ebi.ac.uk/pdbe).
Statins were primarily designed as triglyceride-reducing agents. Statins contain either lactone moiety or its acid formation, which can be converted to lactone via PON. Statins are proven to be effective in PON’s expression and activity; however, their overall effect is yet to be determined as the data from different studies are controversial. For instance, simvastatin can modulate PON expression, and it is associated with increased serum PON concentration and activity in a dose-dependent manner (Deakin et al., 2003). In contrast, in another study, it has been demonstrated that pravastatin, simvastatin, or fluvastatin decreased the expression of PON (Gouédard et al., 2003). These differences might arise from different study designs, and further investigations are required to illuminate the actual effects of statins on PON expression and activity. Moreover, the pharmacogenetics profile is a determining factor as the effect of simvastatin is dependent on the pharmacogenetics interactions between the promoter and simvastatin (Deakin et al., 2007). Administration of statins in GHB or GBL intoxication might hinder their effects via affecting the level and activity of PON and PPARγ.
Naturally found lactone compounds such as bacterial lactones and sesquiterpene lactones might also find a place for this purpose. Bacterial lactones are the key components of the bacterial quorum sensing process, which have attracted extensive attention due to their novel therapeutic effects in cancer and inflammation. It has been demonstrated that bacterial lactones can be effectively hydrolyzed by the lactonase activity of PONs (Aybey et al., 2015), while they might interfere with its enzymatic function by accommodating the active site. However, their side chains would determine the affinity of PON against these substrates (Aybey et al., 2015). It has also been confirmed that N-3-Oxo-Dodecanoyl-L-Homoserine Lactone, a commonly investigated bacterial lactone, can bind to the PPARγ ligand-binding domain (Cooley et al., 2010). It can act as both agonist and antagonist in the presence of other substances, modulating the transcriptional activity of PPARγ. Sesquiterpene lactones are other natural lactones that originated from plants that all share lactone rings and C15-terpenoids in their chemical structure. Some of the members of this family have already been shown to have similar effects on PON and PPARγ as bacterial lactones (Lin, 2012; Lagoutte et al., 2016; Zhong et al., 2018). The properties of bacterial lactones and sesquiterpene lactones mentioned above make them suitable candidates for being repurposed against GHB or GBL intoxication, acting through modulating the level and activity of PON and PPARγ.
Evaluation of the hypothesis
In order to evaluate the first hypothesis of the significance of GBL in the process of abusive behavior, investigations on the effects of GBL with simultaneous blockade of GABA receptors and investigations of the effects of GHB with simultaneous blockage of PON and PPARγ is suggested. However, the singular effect of either GHB or GBL is far from expected, and they both probably contribute to the process of abusive behavior and pathophysiology of intoxication and overdose. Moreover, the importance of the PON-PPARγ axis in this process should be evaluated via genetic engineering techniques [e.g., knocking out PONs’ genes as in Ref (Rozenberg et al., 2003)] or blockade of PON and PPARγ activity (Lea et al., 2004). The effects of statins, bacterial lactones, and sesquiterpene lactones on the active site of PON and subsequently the kinetic of GHB-GBL conversion in addition to their agonizing/antagonizing effects on PPARγ should be investigated. Colorimetric assays, biosensors, and chromatographic techniques would facilitate the investigation of GHB-GBL conversion via PON, as discussed in Ref (Wang et al., 2011). Genetic engineering techniques such as the utilization of fluorescent reporters [as discussed in Ref (Degrelle et al., 2017)] would determine the agonizing/antagonizing effects of proposed substrates. Docking modeling is also of importance for the latter purpose, as in Ref (Hu et al., 2009). In-vivo investigations and clinical trials are required as the final steps to translate these substances to the clinic for their newly defined purposes. Measuring the level and activity of PON, resolution of signs and symptoms, the recovery rate of subjects, and the adverse effects are among the essential parameters that are needed to be investigated. It is worth noting that PON and PPARγ are involved in many pathophysiological and physiological pathways, and the aforementioned substances function through various pathways; hence determining the side effects is critical as the proposed hypothesis is not the only axis activated. Moreover, no definite effect of the proposed compounds can be predicted and determined currently, and further enzymological and clinical investigations are required.
Significance of the hypothesis
GBL is widely accessible due to its industrial applications. It can be found in cosmetic products and alcoholic beverages, which impose health issues if it does not facilitate abusive behaviors. Highlighting the importance of GBL in the process of abusive behavior and further intoxication might lead to two consequences. First, the classification of GBL under the controlled substances category due to its possible direct involvement in the process of addiction and intoxication. Second, the recognition of PPARγ as the potential receptor of GBL and targeting it for therapeutic goals. Moreover, repurposing substances with lactone moiety for the treatment of GHB and GBL intoxication and overdose are of high clinical relevance as the intoxication and overdose are highly probable and occasionally lead to mortality while no antidotes exist. Statins and some sesquiterpene lactones have already been approved for clinical applications; therefore, the repurposing process would take less cost and time, making it an affordable and convenient approach.
CONCLUSION
Abuse of GHB and GBL leads to a high mortality rate while no antidote exists. Moreover, the complete mechanism of action of GHB/GBL addiction and intoxication is yet to be discovered, leading to potential novel therapeutic options. While it has been suggested that GHB is the primary mediator of GHB/GBL addiction and intoxication, we hypothesize that GBL might be as critical as GHB in these processes, acting through PPARγ as its receptor, supported by previous studies. In addition, we suggest that repurposing substances with lactone moiety such as bacterial lactones, sesquiterpene lactones, and statins for targeting PPARγ and PON might lead to potential therapeutic options, as these substances would occupy PPARγ and PON active sites specifically.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
SF and AS-N created the hypothesis, SF wrote the manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Addolorato, G., CibinM., , Capristo, E., BegheF., , Gessa, G., Stefanini, G. F., et al. (1998). Maintaining abstinence from alcohol with γ-hydroxybutyric acid. Lancet 351 (9095), 38. doi:10.1016/s0140-6736(05)78088-0
 Aybey, A., Sinan, S., and Askun, T. (2015). Signal interference effect of human paraoxonase 1 using as substrates N-hexanoyl-L-homoserine lactone and N-3-oxo-octanoyl-L-homoserine lactone on growth of pathogenic bacteria. Appl. Biochem. Microbiol. 51 (6), 726–731. doi:10.1134/s0003683815060022
 Baumes, L. A., Buaki Sogo, M., Montes-Navajas, P., Corma, A., and Garcia, H. (2010). A colorimetric sensor array for the detection of the date‐rape drug γ‐hydroxybutyric acid (GHB): A supramolecular approach. Chemistry 16 (15), 4489–4495. doi:10.1002/chem.200903127
 Bedi, B., Yuan, Z., Joo, M., Zughaier, S. M., Goldberg, J. B., Arbiser, J. L., et al. (2016). Enhanced clearance of Pseudomonas aeruginosa by peroxisome proliferator-activated receptor gamma. Infect. Immun. 84 (7), 1975–1985. doi:10.1128/IAI.00164-16
 Belov, D., and Shieh, D.-T. (2012). GBL-Based electrolyte for Li-ion battery: Thermal and electrochemical performance. J. Solid State Electrochem. 16 (2), 603–615. doi:10.1007/s10008-011-1391-y
 Bessman, S. P., and Skolnik, S. J. (1964). Gamma hydroxybutyrate and gamma butyrolactone: Concentration in rat tissues during anesthesia. Science 143 (3610), 1045–1047. doi:10.1126/science.143.3610.1045
 Bortolotti, F., De Paoli, G., Gottardo, R., Trattene, M., and Tagliaro, F. (2004). Determination of γ-hydroxybutyric acid in biological fluids by using capillary electrophoresis with indirect detection. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 800 (1-2), 239–244. doi:10.1016/j.jchromb.2003.09.062
 Brennan, R., and Van Hout, M. C. (2014). Gamma-hydroxybutyrate (GHB): A scoping review of pharmacology, toxicology, motives for use, and user groups. J. Psychoact. Drugs 46 (3), 243–251. doi:10.1080/02791072.2014.921746
 Brutschy, M., Schneider, M. W., Mastalerz, M., and Waldvogel, S. R. (2013). Direct gravimetric sensing of GBL by a molecular recognition process in organic cage compounds. Chem. Commun. 49 (75), 8398–8400. doi:10.1039/c3cc43829e
 Busardò, F. P., Vaiano, F., Mannocchi, G., Bertol, E., Zaami, S., and Marinelli, E. (2016). Twelve months monitoring of hair GHB decay following a single dose administration in a case of facilitated sexual assault. Drug Test. Anal. 9 (6), 953–956. doi:10.1002/dta.2100
 Camps, J., Heredia, A. G., Rull, A., Aragonès, G., Villaverde, C. A., Debón, R. B., et al. (2012). PPARs in regulation of paraoxonases: Control of oxidative stress and inflammation pathways. PPAR Res. 2012, 616371. doi:10.1155/2012/616371
 Cooley, M. A., Whittall, C., and Rolph, M. S. (2010). Pseudomonas signal molecule 3-oxo-C12-homoserine lactone interferes with binding of rosiglitazone to human PPARgamma.. Microbes Infect. 12 (3), 231–237. doi:10.1016/j.micinf.2009.12.009
 Coquant, G., Grill, J.-P., and Seksik, P. (2020). Impact of N-acyl-homoserine lactones, quorum sensing molecules, on gut immunity. Front. Immunol. 11, 1827. doi:10.3389/fimmu.2020.01827
 Corkery, J. M., Loi, B., Claridge, H., Goodair, C., Corazza, O., Elliott, S., et al. (2015). Gamma hydroxybutyrate (GHB), gamma butyrolactone (GBL) and 1, 4-butanediol (1, 4-BD; BDO): A literature review with a focus on UK fatalities related to non-medical use. Neurosci. Biobehav. Rev. 53, 52–78. doi:10.1016/j.neubiorev.2015.03.012
 Deakin, S., Guernier, S., and James, R. W. (2007). Pharmacogenetic interaction between paraoxonase-1 gene promoter polymorphism C-107T and statin. Pharmacogenet. Genomics 17 (6), 451–457. doi:10.1097/FPC.0b013e3280925716
 Deakin, S., Leviev, I., Guernier, S., and James, R. W. (2003). Simvastatin modulates expression of the PON1 gene and increases serum paraoxonase: A role for sterol regulatory element–binding protein-2. Arterioscler. Thromb. Vasc. Biol. 23 (11), 2083–2089. doi:10.1161/01.ATV.0000096207.01487.36
 Degrelle, S. A., Shoaito, H., and Fournier, T. (2017). New transcriptional reporters to quantify and monitor PPARγ activity. PPAR Res. 2017, 6139107. doi:10.1155/2017/6139107
 Depaulis, A., Bourguignon, J. J., Marescaux, C., Vergnes, M., Schmitt, M., Micheletti, G., et al. (1988). Effects of gamma-hydroxybutyrate and gamma-butyrolactone derivates on spontaneous generalized non-convulsive seizures in the rat.. Neuropharmacology 27 (7), 683–689. doi:10.1016/0028-3908(88)90076-7
 Draganov, D. I., Teiber, J. F., Speelman, A., Osawa, Y., Sunahara, R., and La Du, B. N. (2005). Human paraoxonases (PON1, PON2, and PON3) are lactonases with overlapping and distinct substrate specificities. J. Lipid Res. 46 (6), 1239–1247. doi:10.1194/jlr.M400511-JLR200
 Elliott, S., and Burgess, V. (2005). The presence of gamma-hydroxybutyric acid (GHB) and gamma-butyrolactone (GBL) in alcoholic and non-alcoholic beverages. Forensic Sci. Int. 151 (2-3), 289–292. doi:10.1016/j.forsciint.2005.02.014
 Fadda, F., ArgiolAs, A., Melis, M. R., De Montis, G., and Gessa, G. L. (1983). Suppression of voluntary ethanol consumption in rats by gamma-butyrolactone. Life Sci. 32 (13), 1471–1477. doi:10.1016/0024-3205(83)90913-x
 Foll, B. L., Di Ciano, P., Panlilio, L. V., Goldberg, S. R., and Ciccocioppo, R. (2013). Peroxisome proliferator-activated receptor (PPAR) agonists as promising new medications for drug addiction: Preclinical evidence. Curr. Drug Targets 14 (7), 768–776. doi:10.2174/1389450111314070006
 Galaj, E., Bi, G. H., Moore, A., Chen, K., He, Y., Gardner, E., et al. (2021). Beta-caryophyllene inhibits cocaine addiction-related behavior by activation of PPARα and PPARγ: Repurposing a FDA-approved food additive for cocaine use disorder. Neuropsychopharmacology 46 (4), 860–870. doi:10.1038/s41386-020-00885-4
 Galloway, G. P., Frederick, S. L., Staggers, F. E., GonzalesM., , Stalcup, S. A., and Smith, D. E. (1997). Gamma‐hydroxybutyrate: An emerging drug of abuse that causes physical dependence. Addiction 92 (1), 89–96. doi:10.1111/j.1360-0443.1997.tb03640.x
 Goodwin, A., Brown, P. R., Jansen, E. E. W., Jakobs, C., Gibson, K. M., and Weerts, E. M. (2009). Behavioral effects and pharmacokinetics of gamma-hydroxybutyrate (GHB) precursors gamma-butyrolactone (GBL) and 1, 4-butanediol (1, 4-BD) in baboons. Psychopharmacology 204 (3), 465–476. doi:10.1007/s00213-009-1477-8
 Gouédard, C., Koum-Besson, N., Barouki, R., and Morel, Y. (2003). Opposite regulation of the human paraoxonase-1 gene PON-1 by fenofibrate and statins. Mol. Pharmacol. 63 (4), 945–956. doi:10.1124/mol.63.4.945
 Griffin, P. E., Roddam, L. F., Belessis, Y. C., Strachan, R., Beggs, S., Jaffe, A., et al. (2012). Expression of PPARγ and paraoxonase 2 correlated with Pseudomonas aeruginosa infection in cystic fibrosis. PLoS One 7 (7), e42241. doi:10.1371/journal.pone.0042241
 Harel, M., Aharoni, A., Gaidukov, L., Brumshtein, B., Khersonsky, O., Meged, R., et al. (2004). Structure and evolution of the serum paraoxonase family of detoxifying and anti-atherosclerotic enzymes. Nat. Struct. Mol. Biol. 11 (5), 412–419. doi:10.1038/nsmb767
 Holt, A. K., Poklis, J. L., Cobb, C. O., and Peace, M. R. (2021). Identification of gamma-butyrolactone in JUUL liquids. J. Anal. Toxicol. 45 (8), 892–900. doi:10.1093/jat/bkab067
 Hu, X., Jiang, X., Lenz, D. E., Cerasoli, D. M., and Wallqvist, A. (2009). In silico analyses of substrate interactions with human serum paraoxonase 1.. Proteins 75 (2), 486–498. doi:10.1002/prot.22264
 James, M. H., Fragale, J. E., Aurora, R. N., Cooperman, N. A., Langleben, D. D., and Aston-Jones, G. (2020). Repurposing the dual orexin receptor antagonist suvorexant for the treatment of opioid use disorder: Why sleep on this any longer?Neuropsychopharmacology 45 (5), 717–719. doi:10.1038/s41386-020-0619-x
 Khersonsky, O., and Tawfik, D. S. (2005). Structure− reactivity studies of serum paraoxonase PON1 suggest that its native activity is lactonase. Biochemistry 44 (16), 6371–6382. doi:10.1021/bi047440d
 Krasowski, M. D. (2019). “Drug-assisted sexual assaults: Toxicology, fatality, and analytical challenge,” in Critical issues in alcohol and drugs of abuse testing (Netherlands: Elsevier), 225–236.
 Lagoutte, R., Serba, C., Abegg, D., Hoch, D. G., Adibekian, A., and Winssinger, N. (2016). Divergent synthesis and identification of the cellular targets of deoxyelephantopins. Nat. Commun. 7 (1), 12470. doi:10.1038/ncomms12470
 Lea, M. A., Sura, M., and Desbordes, C. (2004). Inhibition of cell proliferation by potential peroxisome proliferator-activated receptor (PPAR) gamma agonists and antagonists. Anticancer Res. 24 (5A), 2765–2771.
 LeBeau, M. A., Montgomery, M. A., Miller, M. L., and Burmeister, S. G. (2000). Analysis of biofluids for gamma-hydroxybutyrate (GHB) and gamma-butyrolactone (GBL) by headspace GC-FID and GC-MS. J. Anal. Toxicol. 24 (6), 421–428. doi:10.1093/jat/24.6.421
 Liechti, M. E., Kunz, I., Greminger, P., Speich, R., and Kupferschmidt, H. (2006). Clinical features of gamma-hydroxybutyrate and gamma-butyrolactone toxicity and concomitant drug and alcohol use. Drug Alcohol Depend. 81 (3), 323–326. doi:10.1016/j.drugalcdep.2005.07.010
 Liechti, M. E., and Kupferschmidt, H. (2004). Gamma-hydroxybutyrate (GHB) and gamma-butyrolactone (GBL): Analysis of overdose cases reported to the Swiss toxicological information centre. Swiss Med. Wkly. 134 (35-36), 534–537. 2004/35/smw-10697.
 Lin, H.-R. (2012). Sesquiterpene lactones from Tithonia diversifolia act as peroxisome proliferator-activated receptor agonists. Bioorg. Med. Chem. Lett. 22 (8), 2954–2958. doi:10.1016/j.bmcl.2012.02.043
 Matheson, J., and Le Foll, B. (2020). Therapeutic potential of peroxisome proliferator-activated receptor (PPAR) agonists in substance use disorders: A synthesis of preclinical and human evidence. Cells 9 (5), 1196. doi:10.3390/cells9051196
 P Busardo, F., and W Jones, A. (2015). GHB pharmacology and toxicology: Acute intoxication, concentrations in blood and urine in forensic cases and treatment of the withdrawal syndrome. Curr. Neuropharmacol. 13 (1), 47–70. doi:10.2174/1570159X13666141210215423
 Panlilio, L. V., Justinova, Z., and Goldberg, S. R. (2013). Inhibition of FAAH and activation of PPAR: New approaches to the treatment of cognitive dysfunction and drug addiction. Pharmacol. Ther. 138 (1), 84–102. doi:10.1016/j.pharmthera.2013.01.003
 Papović, S., CvjeticaNiNN., , Gadzuric, S., Bester-RogacM., , and VranesM., (2017). Physicochemical and electrochemical characterisation of imidazolium based IL+ GBL mixtures as electrolytes for lithium-ion batteries. Phys. Chem. Chem. Phys. 19 (41), 28139–28152. doi:10.1039/c7cp04478j
 Papović, S., Gadzuric, S., Bester-Rogac, M., Jovic, B., and Vranes, M. (2018). A systematic study on physicochemical and transport properties of imidazolium-based ionic liquids with γ-butyrolactone. J. Chem. Thermodyn. 116, 330–340. doi:10.1016/j.jct.2017.10.004
 Pushpakom, S., Iorio, F., Eyers, P. A., Escott, K. J., Hopper, S., Wells, A., et al. (2019). Drug repurposing: Progress, challenges and recommendations. Nat. Rev. Drug Discov. 18 (1), 41–58. doi:10.1038/nrd.2018.168
 Quiroga, C., Barberena, J. J., Alcaraz-Silva, J., Machado, S., Imperatori, C., Yadollahpour, A., et al. (2021). The role of peroxisome proliferator-activated receptor in addiction: A novel drug target. Curr. Top. Med. Chem. 21 (11), 964–975. doi:10.2174/1568026621666210521165532
 Rambourg-Schepens, M., BuffetM., , Durak, C., and Mathieu-NolfM., (1997). Gamma butyrolactone poisoning and its similarities to gamma hydroxybutyric acid: Two case reports. Vet. Hum. Toxicol. 39 (4), 234–235.
 Rozenberg, O., Rosenblat, M., Coleman, R., Shih, D. M., and Aviram, M. (2003). Paraoxonase (PON1) deficiency is associated with increased macrophage oxidative stress: Studies in PON1-knockout mice. Free Radic. Biol. Med. 34 (6), 774–784. doi:10.1016/s0891-5849(02)01429-6
 Sagheddu, C., Melis, M., Muntoni, A. L., and Pistis, M. (2021). Repurposing peroxisome proliferator-activated receptor agonists in neurological and psychiatric disorders. Pharmaceuticals 14 (10), 1025. doi:10.3390/ph14101025
 Schep, L. J., Knudsen, K., Slaughter, R. J., Vale, J. A., and Megarbane, B. (2012). The clinical toxicology of gamma-hydroxybutyrate, gamma-butyrolactone and 1, 4-butanediol. Clin. Toxicol. 50 (6), 458–470. doi:10.3109/15563650.2012.702218
 Schröck, A., Hari, Y., Konig, S., Auwarter, V., Schurch, S., and Weinmann, W. (2014). Pharmacokinetics of GHB and detection window in serum and urine after single uptake of a low dose of GBL–an experiment with two volunteers. Drug Test. Anal. 6 (4), 363–366. doi:10.1002/dta.1498
 Shi, P., Fang, S., Huang, J., Luo, D., Yang, L., and Hirano, S. i. (2017). A novel mixture of lithium bis (oxalato) borate, gamma-butyrolactone and non-flammable hydrofluoroether as a safe electrolyte for advanced lithium ion batteries. J. Mat. Chem. A Mat. 5 (37), 19982–19990. doi:10.1039/c7ta05743a
 Strittmatter, S. M. (2014). Overcoming drug development bottlenecks with repurposing: Old drugs learn new tricks. Nat. Med. 20 (6), 590–591. doi:10.1038/nm.3595
 Teiber, J. F., Draganov, D. I., and La Du, B. N. (2003). Lactonase and lactonizing activities of human serum paraoxonase (PON1) and rabbit serum PON3. Biochem. Pharmacol. 66 (6), 887–896. doi:10.1016/s0006-2952(03)00401-5
 Venkatesan, S., Su, S. C., Hung, W. N., Liu, I. P., Teng, H., and Lee, Y. L. (2015). Printable electrolytes based on polyacrylonitrile and gamma-butyrolactone for dye-sensitized solar cell application. J. Power Sources 298, 385–390. doi:10.1016/j.jpowsour.2015.07.062
 Wang, J., Quan, C., Wang, X., Zhao, P., and Fan, S. (2011). Extraction, purification and identification of bacterial signal molecules based on N‐acyl homoserine lactones. Microb. Biotechnol. 4 (4), 479–490. doi:10.1111/j.1751-7915.2010.00197.x
 Warden, A., Truitt, J., Merriman, M., Ponomareva, O., Jameson, K., Ferguson, L. B., et al. (2016). Localization of PPAR isotypes in the adult mouse and human brain. Sci. Rep. 6 (1), 27618. doi:10.1038/srep27618
 Wong, C. G. T., Chan, K. F. Y., Gibson, K. M., and Snead, O. C. (2004). γ-Hydroxybutyric acid. Toxicol. Rev. 23 (1), 3–20. doi:10.2165/00139709-200423010-00002
 Wood, D. M., Brailsford, A. D., and Dargan, P. I. (2011). Acute toxicity and withdrawal syndromes related to γ-hydroxybutyrate (GHB) and its analogues γ-butyrolactone (GBL) and 1, 4-butanediol (1, 4-BD).. Drug Test. Anal. 3 (7-8), 417–425. doi:10.1002/dta.292
 Zhai, D., Agrawalla, B. K., Eng, P. S. F., Lee, S. C., Xu, W., and Chang, Y. T. (2013). Development of a fluorescent sensor for an illicit date rape drug–GBL. Chem. Commun. 49 (55), 6170–6172. doi:10.1039/c3cc43153c
 Zhong, J., Gong, W., Chen, J., Qing, Y., Wu, S., Li, H., et al. (2018). Micheliolide alleviates hepatic steatosis in db/db mice by inhibiting inflammation and promoting autophagy via PPAR-γ-mediated NF-кB and AMPK/mTOR signaling. Int. Immunopharmacol. 59, 197–208. doi:10.1016/j.intimp.2018.03.036
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Fateh and Salehi-Najafabadi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/xhtml/nav.xhtml
Contents

		Cover

		Repurposing of substances with lactone moiety for the treatment of γ-Hydroxybutyric acid and γ-Butyrolactone intoxication through modulating paraoxonase and PPARγ		Introduction		Hypothesis

		Evaluation of the hypothesis

		Significance of the hypothesis





		Conclusion

		Data availability statement

		Author contributions

		Publisher’s note

		References









OPS/images/cover.jpg
, frontiers | Frontiers in Pharmacology

Repurposing of substances with
lactone moiety for the
treatment of y-Hydroxybutyric
acid and y-Butyrolactone
intoxication through
modulating paraoxonase and
PPARy





OPS/images/fphar-13-909460-g001.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





