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Abstract
[bookmark: _Hlk124496327]Following the enactment of a generic ban in China in 2021, the synthetic cannabinoid market has been evolving, now encompassing even wider structural diversity. Compounds carrying a brominated core such as ADB-5’Br-BUTINACA (ADMB-B-5Br-INACA) and tail-less analogs, such as ADB-5’Br-INACA (ADMB-5Br-INACA), MDMB-5’Br-INACA and ADB-INACA (ADMB-INACA), have been detected since late 2021. This study investigated the cannabinoid receptor (CB) activation potential of synthesized (S)-enantiomers of these substances, as well as of two predicted analogs (MDMB-5’Br-BUTINACA (MDMB-B-5Br-INACA), and ADB-5’F-BUTINACA (ADMB-B-5F-INACA), using CB1 and CB2 β-arrestin 2 recruitment assays and a CB1 intracellular calcium release assay. Surprisingly, the tail-less (S)-ADB-5’Br-INACA and (S)-MDMB-5’Br-INACA retained CB activity, albeit with a decreased potency compared to their tailed counterparts (S)-ADB-5’Br-BUTINACA and (S)-MDMB-5’Br-BUTINACA, respectively, which were potent and efficacious CB1 agonists. Also, at CB2, tail-less analogs showed a lower potency, but increased efficacy. Removing the bromine substitution ((S)-ADB-INACA) resulted in a reduced activity at CB1, however this effect was less prominent at CB2. Looking at tailed analogs, replacing the bromine with a fluorine substitution ((S)-ADB-5’F-BUTINACA) resulted in an increased potency and efficacy at both receptors. Furthermore, as ADB-5’Br-INACA and MDMB-5’Br-INACA have been frequently detected together in Scottish prisons, this study also evaluated the CB1 receptor activation potential of different mixtures of their respective reference standards, showing no unexpected cannabimimetic effect of combining both substances. Lastly, two powders seized by Belgian Customs and confirmed to contain ADB-5’Br-INACA and MDMB-5’Br-INACA, respectively, were assessed for CB activity. Based on the comparison with their reference standards, varying degrees of purity were suspected. 


Introduction
[bookmark: _Hlk143601718]The enactment of the nation-wide generic ban on synthetic cannabinoid receptor agonists (SCRAs) in China[1,2], one of the most prominent sources of new psychoactive substances (NPS) in general, has caused an important and notable shift in the type of SCRAs that appear on the recreational drug market. 
[bookmark: _Hlk143684105]To date, SCRAs remain one of the largest and most diverse classes of NPS worldwide[3]. For instance, in Europe, over 230 SCRAs have been detected since 2008 and their number still increases[4,5]. These substances initially appeared on the market as legal alternatives to cannabis, in an attempt to produce compounds with effects similar to those of Δ9-tetrahydrocannabinol (Δ9-THC), its predominant psychotropic component[6]. The main target of SCRAs is the cannabinoid 1 receptor (CB1), through which they exert their desired psychoactive effects such as euphoria, relaxation and mood elevation, although most also interact with the cannabinoid 2 receptor (CB2), present on cells associated with the immune system[6–9]. Whereas these compounds aim to mimic the psychoactive effects of Δ9-THC, they are often very potent substances[10,11], exemplified by effects such as psychosis, agitation, respiratory depression, cardiovascular and renal toxicity, stroke and coma, with fatalities and mass intoxications having been associated with SCRA use[12–14].
Whereas SCRAs containing an indole or indazole flooded the market since the initial identification of JWH-018 as the psychoactive component in “Spice” in 2008[15,16], more recently a diverse array of substances carrying atypical structural features have emerged, as a response to the changing legislation in several countries. Initially, China (and many other nations) implemented an approach based on a defined enumeration, listing all prohibited compounds. In this case, expanding the list of banned substances requires new compounds to be individually identified and specified, substantially delaying regulatory actions[17]. Moreover, in response to one substance being controlled, new, slightly different structural analogs rapidly emerged, becoming available almost immediately after the scheduling of their predecessor[18–20]. Generic legislations, such as the ban implemented in China in 2021, tackle this fundamental issue and aim to break this pattern by automatically banning all compounds structurally related to a number (seven in the case of China) of frequently occurring, general SCRA scaffolds[1], resulting in an overall more efficient approach. However, these control measures are also a driving force for the synthesis of ban-evading compounds, yet again featuring new structural variations, as exemplified by compounds such as BZO-HEXOXIZID (MDA-19) and its analogs, carrying an oxoindolin core[21–23]. Furthermore, substances with a modified linker, such as ADB-FUBIATA[23–25], CH-PIATA[26,27] and CH-FUBIATA[28], as well as some monocyclic pyrazole SCRAs (e.g. 5F-3,5-AB-PFUPPYCA, 3,5-ADB-4en-PFUPPYCA) have (re-)emerged on the market[29–31]. Recently, two new indazole compounds (ADB-5’Br-INACA, MDMB-5’Br-INACA) have been detected in Europe, the United Kingdom and the United States, carrying a bromine at position 5 on the phenyl ring and lacking a tail structure, a structural component which has been consistently present in the most prevalent SCRAs as a part of the head-linker-core-tail building block structure[8,18,32]. Both structural modifications allow these compounds to circumvent the Chinese legislation, as it only covers an indazole core with an unsubstituted phenyl ring, while the pyrazole moiety can only carry a linear or cyclic alkyl group or a heterocyclic functional group in order to be controlled[1,33]. In addition, in 2022, ADB-5’Br-BUTINACA, the butyl tail analog of the tail-less ADB-5’Br-INACA has been detected in Europe, while the unsubstituted ADB-INACA has been detected in the US.[34,35]. For an overview of the detections of these substances, the reader is referred to an accompanying paper by Norman et al[33]. The emergence of new substances with previously unknown structural features complicates the already challenging task of determining a consistent naming framework for these compounds, an issue that has been described before[5,20,36]. To clarify, Table 1 provides an overview of the different names that have been proposed or used for the substances in this study. 

[bookmark: _Hlk143781225]Both above-mentioned structural modifications in these tail-less brominated compounds contribute to the novelty of these newly emerging substances. Firstly, the absence of a tail structure is somewhat unexpected, as literature has consistently shown an important interaction of an alkyl side chain and a hydrophobic side pocket within CB1[37,38]. Additionally, modifying the structure of the tail moiety was found to have a notable impact on the functional activity of SCRAs[39]. Of relevance here is the fact that recently, online vendors have been offering precursors of controlled SCRAs (sometimes being advertised as “semi-finished”), accompanied by the required reagents and step-by-step instructions on how the consumer can synthesize the final SCRA of interest[20,40]. Obviously, such “do-it-yourself” synthesis entails additional risks, apart from the SCRA use itself, for instance in the execution of synthesis reactions outside a laboratory setting with the necessary safety precautions, the potential exposure of unexperienced individuals to specific reagents and the production and use of unintended side products[20]. While the emergence of tail-less compounds may stem from this precursor rationale, this does not explain why compounds such as ADB-5’Br-INACA and MDMB-5’Br-INACA have been detected on seized infused papers and in herbal material[33], which indicates that these were intended for (ab)use. Brominated SCRAs were readily present in a 2009 Pfizer patent describing CB1 agonists for disorders such as pain, rheumatoid arthritis and osteoarthritis[41]. More specifically, this patent readily reported on the binding affinity and agonism at CB1 of a compound resembling the detected ADB-5’Br-INACA but with the addition of a fluorobenzyl tail structure. Apart from the substances mentioned in this study, a compound called 6ADDB (N-(1-amino-3,3-dimethyl-1-oxobutan-2-yl)-5-bromo-1-(dec-9-en-1-yl)-1H-indole-3-carboxamide), which has the ADB-5’Br-INACA head and core, combined with a long dec-9-enyl side chain has also been offered online[42]. This may indicate that the detected brominated tail-less compounds ADB-5’Br-INACA and MDMB-5’Br-INACA can be considered precursors or intermediates in the synthesis of more conventionally looking compounds. In line with this hypothesis, ADB-5’Br-BUTINACA may potentially be the finished product, stemming from the ‘precursor’ ADB-5’Br-INACA – however, formal evidence for this statement is currently unavailable. In the same context, another potential end product of these coreless compounds, ADB-5’Br-PINACA carrying a pentyl tail, was reported by the CFSRE in May 2023[43]. Interestingly, several other putative SCRAs without a tail structure but also without bromination on the indazole core have been reported in Europe and the US since 2022. MDMB-INACA was detected as minor component in a seized powder containing MDMB-5’Br-INACA (major component) and MDMB-7’Br-INACA (minor component) in Europe in 2022[44] and on impregnated paper in the US in 2023[45]. The detections of ADB-IACA (ADB-IATA) and CH-IACA (CH-IATA), indazoles with acetamide linkers, were formally notified in Europe in 2022[46,47].
This study is the first to report on the in vitro CB1 and CB2 activation potential of the newly detected brominated SCRA ADB-5’Br-BUTINACA and the tailless ADB-5’Br-INACA, MDMB-5’Br-INACA and ADB-INACA using in-house synthesized (S)-enantiomer reference standards, as well as of two ‘predicted’ reference standards ((S)-MDMB-5’Br-BUTINACA and (S)-ADB-5’F-BUTINACA) (chemical structures can be found in Figure 1). Using two different live cell-based assays, this study provides insights into both β-arrestin2 (βarr2) recruitment and G protein-mediated signaling, elicited by these compounds at both CB1 and CB2 (only βarr2 recruitment).
[image: ]
Figure 1: Chemical structures of the SCRAs characterized in this study. For reference standards the (S)-enantiomer was used, however chirality of the seized substances was not determined. 
Table 1: Overview of different SCRA nomenclature describing the compounds discussed in this study. Common names will be used throughout the manuscript. The apostrophe indicates the position of the substituent on the core of the molecule. Synonyms represent names that have appeared in reports distributed by the Center for Forensic Science Research and Education (CFSRE)[48] or have been proposed by Pulver et al. in collaboration with the European Monitoring Centre for Drugs and Drug Addiction (EMCDDA) as a new naming framework.[5] In this study, the (S)-enantiomers of the listed substances were investigated.
	Common name
	Possible synonyms
	Chemical name

	ADB-5’Br-INACA
	ADMB-5Br-INACA[5]
	N-(1-amino-3,3-dimethyl-1-oxobutan-2-yl)-5-bromo-1H-indazole-3-carboxamide

	MDMB-5’Br-INACA
	MDMB-5Br-INACA[5]
	Methyl 2-[(5-bromo-1H-indazole-3-carbonyl)amino]-3,3-dimethylbutanoate

	ADB-5’Br-BUTINACA
	ADB-BUT-5’Br-INACA[48]
ADB-5’Br-BINACA[48]
ADMB-B-5Br-INACA[5]
	N-(1-amino-3,3-dimethyl-1-oxobutan-2-yl)-5-bromo-1-butyl-1H-indazole-3-carboxamide

	MDMB-5’Br-BUTINACA
	MDMB-BUT-5’Br-INACA
MDMB-5’Br-BINACA
MDMB-B-5Br-INACA[5]
	Methyl-2-(5-bromo-1-butyl-1H-indazole-3-carboxamido)-3,3-dimethylbutanoate

	ADB-INACA
	ADMB-INACA[5]
	N-(1-amino-3,3-dimethyl-1-oxobutan-2-yl)-1H-indazole-3-carboxamide

	ADB-5’F-BUTINACA
	ADB-BUT-5’F-INACA
ADMB-B-5F-INACA[5]
	N-(1-amino-3,3-dimethyl-1-oxobutan-2-yl)-5-bromo-1-butyl-1H-indazole-3-carboxamide




Materials and Methods
Chemicals and reagents
Reference standards
[bookmark: _Hlk147408533]Chirality is important when considering the CB activating potential of SCRAs. Indeed, all SCRAs with amino acid-derived head/linked groups can exist as (R)- and (S)-enantiomers, with the (S)-enantiomers being more potent than the (R)-enantiomers[49–52]. Importantly, the stereochemistry is determined by the stereochemistry of the amino acid precursors used in their synthesis. This is why in the syntheses reported below L-tert-leucine methyl ester and L-tert-leucinamide were used as precursors, as these will give rise to (S)-enantiomers of MDMB- and ADB-type SCRAs, respectively. The reference standards for (S)-ADB-5’Br-INACA ((S)-N-(1-amino-3,3-dimethyl-1-oxobutan-2-yl)-5-bromo-1H-indazole-3-carboxamide; chromatographic purity: 99.8 ± 0.1%), (S)-ADB-5’Br-BUTINACA ((S)-N-(1-amino-3,3-dimethyl-1-oxobutan-2-yl)-5-bromo-1-butyl-1H-indazole-3-carboxamide; chromatographic purity: 98.9 ± 0.1%), (S)-MDMB-5Br-INACA (methyl (S)-2-[(5-bromo-1H-indazole-3-carbonyl)amino]-3,3-dimethylbutanoate; chromatographic purity 99.6 ± 0.1%), (S)-MDMB-5’Br-BUTINACA (methyl (S)-2-(5-bromo-1-butyl-1H-indazole-3-carboxamido)-3,3-dimethylbutanoate, chromatographic purity 99.9 ± 0.1%) were synthesized by Chiron AS (Trondheim, Norway). For more information on the synthesis and characterization of the reference standards, the reader is referred to Norman et al[33]. 
[bookmark: _Hlk147408588](S)-ADB-INACA ((S)-N-(1-amino-3,3-dimethyl-1-oxobutan-2-yl)-1H-indazole-3-carboxamide; chromatographic purity 99.7 ± 0.1%) and (S)-ADB-5’F-BUTINACA ((S)-N-(1-amino-3,3-dimethyl-1-oxobutan-2-yl)-5-bromo-1-butyl-1H-indazole-3-carboxamide; chromatographic purity 99.9 ± 0.1%) were also synthesized by Chiron AS and further information on their synthesis and characterization is provided in Supplementary Information. CP55,940 was procured from Sigma-Aldrich and JWH-018 was from LGC (Wesel, Germany) (NanoBiT® assays) and from Chiron (AequoScreen® assay). Samples of two seized powders, confirmed to contain ADB-5’Br-INACA and MDMB-5’Br-INACA, respectively (chirality undefined), were kindly provided by the Laboratory of the Belgian Customs and Excise services (Vilvoorde, Belgium). Where chirality has been determined in seized samples, (S)-enantiomers are always the only or dominant enantiomer present[49,51–53]. 
High resolution mass spectrometry (HRMS) using a 5600+ QTOF with an electrospray ionization (ESI) source (Sciex) was performed as before to obtain TOF-MS full scan spectra combined with data dependent acquisition of product ion spectra and, if applicable, comparison with spectra available in the HighResNPS database (Supplementary Information S6)[54,55].

NanoBiT® CB1 and CB2 β-arrestin 2 recruitment assays
Dulbecco’s modified Eagle’s medium (DMEM) (GlutaMAXTM), Opti-MEM I Reduced Serum, trypsin-EDTA (0.05%) penicillin, streptomycin and amphotericin B were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Fetal bovine serum (FBS) and poly-D-lysine were obtained from Sigma-Aldrich (Darmstadt, Germany). The Nano-Glo® Live Cell reagent and the Nano-Glo® LCS Dilution buffer were procured from Promega (Madison, WI, USA). Methanol and acetonitrile, used for preparation of the stock solutions, were from Chem-Lab NV (Zedelgem, Belgium) and Biosolve (Valkenswaard, The Netherlands), respectively.
AequoScreen® CB1 intracellular Ca2+ release assay
The AequoZen recombinant Chinese hamster ovary (CHO) K1 cell line, stably expressing human CB1 (ES-110-A), was obtained from Perkin Elmer (Groningen, The Netherlands). DMEM/Ham F12 without phenol red was purchased from Thermo Fisher (Gothenburg, Sweden) and HEPES buffer, L-glutamine, protease-free bovine serum albumin (BSA), digitonin and adenosine-5’-triphosphate disodium salt hydrate (ATP) were procured from Sigma-Aldrich (Stockholm, Sweden). Trypsin and FBS were purchased from Thermo Fisher Scientific (Gothenburg, Sweden). The coelenterazine substrate was from Nanolight Technology (Pinetop, AZ, US). 
In vitro cannabinoid activity profiling 
CB1 and CB2 β-arrestin 2 recruitment assays
[bookmark: _Hlk143596381]The development of stable cell lines, used for the activity-based assays, has been reported previously[56–58]. In summary, human embryonic kidney (HEK) 293T cells, stably expressing either the CB1-βarr2 or CB2-βarr2 system were routinely cultured under humidified atmosphere at 37°C and at 5% CO2, in DMEM (GlutaMAX™) supplemented with 10% heat-inactivated FBS, 100 IU/mL penicillin, 100 µg/mL streptomycin and 0.25 µg/mL amphotericin B. On the day prior to the assay, cells were trypsinized and seeded in white opaque-walled poly-D-lysine coated 96-well plates at 5 x 104 cells/well and incubated overnight. Test solutions were prepared by serial dilution in Opti-MEM I Reduced Serum containing 50% solvent (MeOH/ACN, final in well solvent concentration 3.7%) and used within the next 24 h. The next day, cells were rinsed twice with 150 µL Opti-MEM, after which 100 µL was added to each well to serve as assay medium. The Nano-Glo® Live Cell Reagent, containing the furimazine substrate, was diluted 20-fold in Nano-Glo® LCS Dilution Buffer, and 25 µL of this substrate mix was added to each well. The plate was placed into the TriStar 5 Multimode Reader (Berthold Technologies GmbH & Co., Germany) to monitor luminescence for approximately 30 minutes (initial equilibration phase). After stabilization of the luminescent signal, 10 µL of 13.5x concentrated test solutions were added and luminescence was measured for 2 h. It should be noted that the plate reader used here is different from the one used in the vast majority of our other published work (TriStar2 LB 942 Multimode Microplate reader), and we found that this has an impact on the measurements (e.g. requiring a longer equilibration phase) and, hence, also on the exact values that were obtained. Appropriate solvent controls, as well as a concentration range of CP55,940, used for further normalization of the obtained data, were present on each plate. CP55,940 was selected, as it has historically served as a reference compounds in our earlier work on Chinese ban-evading SCRAs[21,25,31]. Also the prototypical SCRA JWH-018 was taken along, to allow more easy comparison with historic data obtained for other SCRAs[59,60] and to facilitate the inter-assay comparison with the AequoScreen® assays (vide infra), where JWH-018 was used as the reference for normalization. To assess the CB1 activation potential of mixtures containing (S)-ADB-5’Br-INACA and (S)-MDMB-5’Br-INACA, test solutions were prepared as described above, including various ratios of both SCRA reference standards (100%/0%, 75%/25%, 50%/50%, 25%/75% and 0%/100% (S)-ADB-5’Br-INACA/(S)-MDMB-5’Br-INACA). For the functional evaluation of the seized powders, powders were dissolved in MeOH to a concentration of 2 mg/mL and test solutions were prepared as described above. 
AequoScreen® CB1 intracellular Ca2+ release assay
[bookmark: _Hlk143596426]CHO-K1 cells stably expressing CB1, the apoaequorin enzyme and the Gα16 subunit, were maintained under humidified atmosphere at 37°C and 5% CO2 in Ham’s F12 medium, supplemented with 10 % heat-inactivated FBS. To perform the assays, cells were trypsinized (10 min, 37°C), centrifuged (at 400 g, 5 min, room temperature), counted and resuspended at 3 x 105 cells/mL in DMEM/Ham’s F12 without phenol red, supplemented with 15 mM HEPES, L-glutamine and protease-free BSA (0.1%) (further referred to as assay medium). The coelenterazine substrate was added to a final concentration of 2.5 µM, and the suspension was incubated for 3 h (room temperature, rotating, protected from light). Test solutions were prepared by serial dilution in assay medium and then added to white, opaque-welled 96-well plates. JWH-018 was included as a reference on each plate, in line with earlier results generated using the AequoScreen® CB1 assay[61–63]. Digitonin (67 µM) and ATP (6.7 µM) were included on each plate and served as positive controls for coelenterazine loading, as both of these compounds are involved in the non CB-dependent release of calcium ions. Blank assay medium was used as a negative control. Using a TECAN Spark 10 M plate reader (Männedorf, Switzerland), 50 µL of the incubated cell suspension was dispensed into each well (approximately 15 x 103 cells/well) of the 96-well plate containing the test solutions at reading cycle #10. Luminescence was measured for 25 s (corresponding to 190 additional reading cycles).
Data analysis
NanoBiT® CB1 and CB2 β-arrestin 2 recruitment assays
Absolute luminescence signals were corrected for inter-well variability in Microsoft Excel 2019 using data obtained during the initial equilibration period. Area under the curve (AUC) values were calculated for each concentration of the test compounds. Values were then blank-corrected by subtracting AUC values of the appropriate solvent control. Data were normalized to the maximal receptor activation (Emax) observed for the reference compound CP55,940, arbitrarily set at 100%. Results are represented as the AUC ± standard error of the mean (SEM) derived from a minimum of three independent experiments (n ≥ 3), run in duplicate. Data points for the highest concentrations were excluded in case of a reduction of at least 20% compared to the closest lower dilution, as this may indicate solubility issues or cell toxicity. GraphPad Prism ((version 9.3.0) San Diego, CA, USA) was used to generate concentration-response curves and EC50 (potency) and Emax (efficacy) values were calculated by curve fitting via nonlinear regression (three-parameter logistic fit). The Grubbs test was performed to detect potential outliers, which were then omitted from the dataset (p value < 0.05; applicable for 4 out of 1248 data points).
AequoScreen® CB1 intracellular Ca2+ release assay
Absolute luminescence signals were corrected for intra-plate variability in Microsoft Excel 2019 using AUC values and were calculated for each concentration of the test compounds. Values were then blank-corrected by subtracting AUC values of the mean of blank controls. Data was normalized to the maximum of JWH-018 and inter-plate variability was adjusted by using the reference values. The normalized values were transferred to GraphPad Prism (version 9.3.0) which was used to generate concentration-response curves and EC50 and Emax values were calculated by curve fitting via nonlinear regression (three-parameter logistic fit). Results are represented as receptor activity of JWH-018 [%] ± SEM derived from a minimum of three independent experiments (n ≥ 3), run in triplicate. Grubbs test was performed to detect potential outliers.

Results and Discussion
Intrinsic receptor activation potential
The intrinsic receptor activation potential of brominated SCRAs and analogs was investigated using live cell receptor-based bioassays, monitoring βarr2 recruitment to the activated CB1 and CB2 (NanoBiT® assay principle), and CB1-mediated G protein-dependent intracellular Ca2+ release (AequoScreen® assay principle).
NanoBiT® βarr2 recruitment assay
CB1 and CB2 activation was assessed by means of βarr2 recruitment assays, applying the NanoLuc® Binary Technology (NanoBiT®), based on functional complementation of a split nanoluciferase enzyme[64]. In short, one inactive subunit of the enzyme is linked to CB1 or CB2, whereas the other subunit is fused to the intracellular signaling protein βarr2. Following receptor activation by an agonist, βarr2 is recruited, resulting in the two subunits coming into close proximity and undergoing functional complementation, thereby restoring the luciferase activity. Upon addition of the substrate furimazine, a bioluminescent signal is emitted, as a measure of receptor activation by the test ligand. 
Concentration-response curves for all evaluated SCRAs, alongside CP55,940 and JWH-018, are shown in Figure 2. Corresponding pharmacological parameters representing potency (EC50) and efficacy (Emax, relative to the maximal effect of CP55,940) can be found in Table 2. For CP55,940, which also served historically as a reference standard [10,21] and which was used for normalization, EC50 values of 1.37 and 0.96 nM were derived at CB1 and CB2, respectively. Also for the prototypical SCRA JWH-018, which has been used as a reference compound[59,60], potency and efficacy parameters are presented in Table 2 (EC50 of 67.6 nM and Emax of 278% at CB1, EC50 of 12.5 nM and Emax of 64.3% at CB2).
(S)-ADB-5’Br-BUTINACA was a potent and efficacious agonist at CB1, with an EC50 value of 82.1 nM and an Emax of 497% compared to CP55,940 (Table 2 and Figure 2, Panel A). At CB2, an EC50 of 13.4 nM and Emax of 88.1% was observed. Structurally, this substance can be considered as the new ban-evading alternative of ADB-BUTINACA, detected for the first time in Europe in 2019, and only lacking the addition of a bromine on the indazole core[65]. Sparkes et al. evaluated the activity of the latter at CB1 and CB2 and although the functional activities were generated using a different read-out system, a high potency and efficacy at CB1 (EC50 19 nM, Emax 728%, relative to CP55,940) was reported[39]. Given the observed high potency at CB1, which may contribute to this SCRA being perceived as appealing to users who seek compounds with a pronounced cannabinoid effect, we also evaluated the intrinsic CB activity of structurally related analogs. 
Some of the investigated compounds can be considered ‘predicted’ SCRAs, alluding to the fact that they have not been detected on the recreational drug market yet, but may appear at some point. Indeed, it is well-known that manufacturers may be ‘inspired’ by existing banned substances with an appealing activity profile (e.g. very potent compounds) to synthesize closely related but ban-evading compounds, by slightly modifying the head, core or tail moiety[20]. One of these potential compounds is the brominated MDMB-5’Br-BUTINACA, carrying a tert-leucine methyl ester head group (as opposed to the amide group in ADB-5’Br-BUTINACA). (S)-MDMB-5’Br-BUTINACA showed a similar potency as (S)-ADB-5’Br-BUTINACA (EC50 61.2 vs. 82.1 nM), but a decreased efficacy at CB1 (Emax 360% vs. 497%). At CB2, a higher potency (EC50 3.00 nM) was observed, along with a reduced relative efficacy (Emax 79.1%), although at CB2 Emax values were more clustered, in line with earlier findings[21]. Grafinger et al. observed the same trend when characterizing a large set of SCRAs. Here, compounds with an ADB head group (ADB-4en-PICA, ADB-4en-PINACA, ADB-4en-P7AICA) consistently showed a similar or slightly lower potency, but an increased efficacy, as opposed to SCRAs carrying an MDMB head group (MDMB-4en-PICA, MDMB-4en-PINACA, MDMB-4en-P7AICA)[11]. This finding was also confirmed by Wouters et al[60]. Replacing the bromine substituent on the indazole core with a less bulky fluorine atom yields ADB-5’F-BUTINACA. Replacement of a hydrogen atom with a bioisosteric fluorine atom has been commonly observed in SCRAs on the illicit market. However, until now such substitutions have occurred on the tail moiety rather than the core, these tail modifications resulting in an increased SCRA potency in some cases[66], although this effect has not been observed for all SCRAs[67]. Compared with (S)-ADB-5’Br-BUTINACA, (S)-ADB-5’F-BUTINACA has a more prominent activity at both CB1 and CB2 (EC50 of 28.8 and 3.05 nM, and Emax of 676% and 95.8%, respectively). Overall, these data suggest that new (and potential future) SCRAs carrying a halogenated indazole core retain substantial intrinsic CB activity. It can be expected that this will translate into cannabinoid effects in vivo, although future experiments are needed to substantiate this hypothesis.
Further insight into the importance of the halogenation of the core moiety on CB activity is gained by the evaluation of the ‘tail-less’ brominated compounds that have recently appeared on the recreational drug market[33]. Surprisingly, (S)-ADB-5’Br-INACA and (S)-MDMB-5’Br-INACA, the tailless analogs of (S)-ADB-5’Br-BUTINACA and (S)-MDMB-5’Br-BUTINACA, respectively, both retained some CB1 activation potential. However, with EC50 values at CB1 of 4744 and 1254 nM, respectively, their potencies were about 50- and 20-fold lower than those of their butylated analogs, as also illustrated by the pronounced rightward shift of the concentration-response curves (Figure 2, Panel B and C). At CB1, both compounds also exhibited a reduced efficacy, compared to their butylated analogs (Emax of 237% and 230% for (S)-ADB-5’Br-INACA and (S)-MDMB-5’Br-INACA vs. 497% and 360% for (S)-ADB-5’Br-BUTINACA and (S)-MDMB-5’Br-BUTINACA). 
Interestingly, at CB2, both tail-less SCRAs were more efficacious than their butylated analogs, with an Emax of 140% for (S)-ADB-5’Br-INACA compared to 88.0% for (S)-ADB-5’Br-BUTINACA and 124% for (S)-MDMB-5’Br-INACA compared to 79.1% for (S)-MDMB-5’Br-BUTINACA. As observed for CB1, the tail-less compounds had a lower potency than their butylated analogs at CB2. EC50 values of 156 and 22.5 nM were derived for (S)-ADB-5’Br-INACA and (S)-MDMB-5’Br-INACA, respectively, implying a 10- and 7.5-fold reduction in potency compared to their butylated analogs. When comparing (S)-ADB-5’Br-INACA and (S)-MDMB-5’Br-INACA, it can be concluded that both analogs demonstrate similar relative efficacies, with (S)-MDMB-5’Br-INACA being slightly more potent, which is overall in line with the trend observed for their tailed counterparts. 
The emerging or predicted SCRAs discussed above stand out from previously notified substances by the inclusion of halogen substitution on the core moiety. To comparatively evaluate the impact of the bromine substituent on the activity of the tail-less compounds, the CB activation potential of (S)-ADB-INACA, which has recently also been detected on the market, carrying an unsubstituted indazole core and lacking a tail feature, and which can be considered a precursor or tailless analog of (S)-ADB-BUTINACA, was investigated (Figure 2, Panel B). For this compound, no full concentration-response curve could be obtained at CB1, and a maximal receptor activation of 251% at a concentration of 100 µM was derived. The slight rightward shift of the concentration-response curve, compared with that of (S)-ADB-5’Br-INACA, suggests that the presence of a bromine substituent on the core results in a slightly more potent compound. At CB2, (S)-ADB-INACA had a similar EC50 value (164 nM) as (S)-ADB-5’Br-INACA (156 nM), with (S)-ADB-INACA being slightly less efficacious (Emax 121%).
[bookmark: _Hlk143784030]Overall, these findings indicate that removing the tail moiety from the SCRA structure results in compounds still retaining CB activation potential, albeit with a decreased potency, and that bromination or fluorination of the core may be beneficial for CB1 and CB2 activity. Important to note is the fact that the NanoBiT® and AequoScreen® assay (see below) are both cell-based in vitro assays, which are not a completely accurate representation of an in vivo system (e.g. overexpression of receptors on the surface). Although the employed assays are valuable and straight-forward techniques to assess and compare the intrinsic cannabinoid receptor activation potential of newly emerging compounds, a direct translation of these results to the potential effect in humans remains difficult. Both potency and efficacy will contribute to the overall pharmacological profile, however knowledge on other parameters such as differences in bioavailability, formation of (active) metabolites, stability, and other potential biological targets (distinct from CB1) are essential in the complete evaluation of their potential hazards.
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Figure 2: Activation profiles for a panel of brominated SCRAs and analogs, at CB1 (upper panel) and CB2 (lower panel), obtained using a NanoBiT® βarr2 recruitment assay. Panel A shows a comparison of the cannabinoid receptor activation potential of ‘regular’, tailed ADB and MDMB SCRAs. Panel B compares “tail-less” and tailed analogs carrying an ADB head group. Panel C shows a comparison of a “tail-less” and tailed MDMB analog. For comparison, (S)-ADB-5’Br-BUTINACA is present in each panel. All data is normalized to the maximal response of the reference standard CP55,940 (in black), arbitrarily set at 100%, and each datapoint represents the mean ± standard error of the mean (SEM), obtained from a minimum of three independent experiments, run in duplicate (n ≥ 3).Tail-less analogs are depicted with dashed lines.

Aequoscreen® intracellular calcium release assay
[bookmark: _Hlk143769920]The same panel of compounds was also evaluated using the AequoScreen® CB1 bioassay. This assay monitors the G protein-dependent rapid intracellular Ca2+ flux upon CB1 receptor activation, thereby offering a complementary view on CB1 activation, distinct from βarr2 recruitment to the activated receptor. As the compounds evaluated here emerged for their psychoactive effects, which is linked to their intrinsic CB1 receptor activation potential, only CB1 activation was assessed with this bioassay[6]. The AequoScreen® assay principle is based on the activation of the apoaequorin protein, which occurs in the presence of its substrate coelenterazine. Apoaequorin is converted to the aequorin photoprotein, which has three Ca2+ binding sites[68,69]. CB1 activation leads to activation of a universal G protein subunit Gα16, which then triggers a series of downstream events such as the activation of the phospholipase C (PLC) enzyme and the generation of inositol 1,4,5-triphosphate (IP3), which, in its turn, stimulates the rapid release of Ca2+ from intracellular stores[69–71]. These Ca2+ ions will bind the aequorin, resulting in the oxidation of coelenterazine, with the release of CO2 and emission of luminescence. Apart from the monitoring of another protein in the intracellular signaling pathway, a major difference with the earlier discussed NanoBiT® βarr2 recruitment assay is the monitoring of an event occurring more downstream the receptor activation pathway. This implies that this type of assay is more subject to signal amplification, as opposed to the NanoBiT® assay, which looks at a proximal event in a linear manner (direct interaction between 1 receptor protein and 1 βarr2)[72]. This phenomenon may explain potential differences that can be observed when comparing concentration-response curves generated using the AequoScreen® and NanoBiT® assays. Typically, AequoScreen® profiles are more clustered, with Emax values converging towards the same maximum (here approximately 130-140% of JWH-018, used as a reference in this study), a phenomenon called the ‘ceiling effect’[73]. For this reason, the main focus of our discussion of the results obtained with this assay will be on the comparison of the potencies of the analyzed substances. Efficacies (relative to JWH-018) and potencies are shown in Table 2. On the other hand, the difference in assay format can be a strong asset. It allows to evaluate whether the ranking order of compounds in terms of activity remains consistent between different assays which monitor different events in the activation pathway. Evaluating both a proximal and a more distal event provides a multifaceted overview of the compounds’ signaling profiles.
Findings observed using the NanoBiT® system were essentially confirmed in the CB1 AequoScreen® assay. All three tailed analogs ((S)-ADB-5’Br-BUTINACA, (S)-MDMB-5’Br-BUTINACA and (S)-ADB-5’F-BUTINACA) showed an increased potency and efficacy compared to JWH-018, although differences between the compounds were limited (Figure 3, Panel A). Calculated CB1 EC50 values were quite similar (12.5 and 18.3 nM, respectively) for (S)-ADB-5’Br-BUTINACA, and (S)-ADB-5’F-BUTINACA, with (S)-MDMB-5’Br-BUTINACA (EC50 32.5 nM) being slightly less potent. The prominent decrease in CB1 potency caused by the removal of the tail feature could also be confirmed, with an EC50 of 2203 nM for (S)-MDMB-5’Br-INACA (about 67-fold less potent than (S)-MDMB-5’Br-BUTINACA) (Figure 3, Panel C) and an Emax of 110%, compared to JWH-018. For (S)-ADB-5’Br-INACA (Figure 3, Panel B), no plateau of maximal receptor activation could be reached, precluding an accurate calculation of EC50 values. The pronounced rightward shift of the concentration-response curve illustrates the decrease in potency. Similarly, a further rightward shift (and, hence, lower potency) was obtained for (S)-ADB-INACA compared to (S)-ADB-5’Br-INACA, confirming the results from the NanoBiT® system. Also here, no plateau in CB1 activation was reached, which is why only the maximal receptor activation at 106 µM (86% compared to JWH-018) is reported in Table 2.
[image: ] Figure 3: CB1 activation profiles for a panel of brominated SCRAs and analogs, obtained using an AequoScreen® intracellular Ca2 assay. Panel A shows the cannabinoid receptor activation potential of the 3 regular, tailed SCRAs, Panel B compares the cannabinoid activity of tailed and tail-less ADB analogs and Panel C compares tailed an tail-less compounds carrying an MDMB head group. All data is normalized to the maximal response of the reference standard JWH-018 (in black), arbitrarily set at 100%, and each datapoint represents the mean ± standard error of the mean (SEM), obtained from a minimum of three independent experiments, run in triplicate (n ≥ 3).Tailless analogs are depicted with dashed lines.

Evaluation of powders and mixtures
[bookmark: _Hlk143778562][bookmark: _Hlk147408652]Both brominated tail-less compounds ADB-5’Br-INACA and MDMB-5’Br-INACA have been detected in Europe, the US and in Scottish prisons[33]. Although the chirality of the SCRAs present has not been determined, it can be reasonably assumed that, based on previously reported studies, these substances will most likely be present only, or predominantly as the (S)-enantiomer[49,51–53]. Here, the CB1 and CB2 activation potential of two suspect powders, seized by Belgian customs and confirmed to contain ADB-5’Br-INACA and MDMB-5’Br-INACA respectively (chirality not determined), was evaluated using the βarr2 recruitment assays. Figure 4 shows a comparison of the CB activity of the reference standard, (S)-ADB-5’Br-INACA, and the seized powder. At both CB1 and CB2, overlapping concentration-response curves were obtained, with comparable potency and (relative) efficacy values (Table 2). While this suggests a high purity of the powder, analytical characterization revealed that the powder ‘only’ contained ~49% ADB-5’Br-INACA. This suggests the presence of other active substances (e.g. isomers) in the sample – as confirmed in the accompanying paper by Norman et al, which reported the presence of ADB-6’Br-INACA while other purities could not be completely identified[33]. Also for the MDMB-5’Br-INACA powder impurities were found by Norman et al. The sample contained only an estimated 33-41% relative molar proportion of MDMB-5’Br-INACA and showed evidence of isomer MDMB-7’Br-INACA and other unidentified contaminants[33]. Here, the CB1 activity was comparable to that of the reference standard, while at CB2, the seized powder had an over 10-fold lower potency (EC50 of 290 nM), with a similar efficacy, relative to CP55,940 (Emax 142%). This finding indicates that the impurities present in that powder sample differentially affect CB1 and CB2, with likely a higher CB1 receptor activation potential compared to CB2. For the in-depth discussion of the investigation of the purity of the seized samples as well as a detailed description of the performed analyses, the reader is referred to Norman et al[33].
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Figure 4: Activation profiles for 2 seized ADB-5’Br-INACA and MDMB-5’Br-INACA powders, alongside their (S)-enantiomer reference standards, at CB1 (upper panel) and CB2 (lower panel), obtained using a NanoBiT® βarr2 recruitment assay. All data is normalized to the maximal response of the reference standard CP55,940 (in black), arbitrarily set at 100%, and each datapoint represents the mean ± standard error of the mean (SEM), obtained from a minimum of three independent experiments, run in duplicate (n ≥ 3). 
















Table 2: Potency (EC50) and relative efficacy (Emax) values calculated for the four newly emerging brominated SCRAs, as well as for two predicted compounds ((S)-MDMB-BUT-5’Br-INACA, (S)-ADB-5’F-BUTINACA). The left panel shows potency and efficacy at CB1 and at CB2 obtained using the NanoBiT® assay (normalized to CP55,940), whereas the right panel shows CB1 potency and efficacy, obtained using the AequoScreen® assay (normalized to JWH-018).
	
	NanoBiT® βarr2 recruitment
	AequoScreen® Ca2+ release

	
	CB1
	CB2
	CB1

	
	EC50 (nM)
	Emax (%)
	EC50 (nM)
	Emax (%)
	EC50 (nM)
	Emax (%)

	(S)-ADB-5’Br-INACA
	4744
(2129 – 9924)
	237
(200 – 280)
	156
(70.8 – 362)
	140
(120– 161)
	ND
	105b

	ADB-5’Br-INACA 
seized powder
	6312
(1695 -19360) 
	263
(199 – 350)
	268
(142 – 519)
	152
(139 – 166)
	/
	/

	(S)-ADB-5’Br-BUTINACA
	82.1
(22.6 – 276)
	497
(423 – 573)
	13.4
(2.97 – 66.2)
	88.0
(72.1 – 106)
	12.5
(9.95 – 15.8)
	133
(129 – 137)

	(S)-MDMB-5’Br-INACA
	1254
(520 – 3326)
	230
(191 – 277)
	22.5
(10.1 – 52.9)
	124
(111 – 138)
	2203
(1970 – 2463) 
	110
(107 – 112)


	MDMB-5’Br-INACA seized powder
	1970 
(852 – 5119)
	291
(243 – 356)
	290
(145 – 591)
	142
(130 – 156)
	/
	/

	(S)-MDMB-5’Br-BUTINACA
	61.2
(22.2 – 152)
	360
(308 – 414)
	3.00
(0.59 – 16.7)
	79.1
(64.1 – 96.3)
	32.5
(26.3 – 40.1)
	128
(124 – 132)

	(S)-ADB-INACA
	ND
	251a
	164
(41.6 – 709)
	121
(98.2 – 146)
	ND
	86c

	(S)-ADB-5’F-BUTINACA
	28.8
(12.2 – 69.5)
	676
(601 – 756)
	3.05
(1.10 – 8.53)
	95.8 
(85.3 – 107)
	18.3
(14.6 – 22.9)
	142
(137 – 147)

	CP55,940
	1.37
(0.52 – 3.81)
	99.2
(86.4 – 113)
	0.96
(0.28 – 3.25)
	100
(83.8 -117)
	/
	/

	JWH-018
	67.6
(13.5 – 254)
	278
(219 – 340)
	12.5
(2.90 – 66.9)
	64.3
(52.5 – 77.3)
	35.7
(33.3 – 38.3)
	100
(99.4 – 101)


Abbreviations: ND, not determined (values could not be calculated as saturation was not reached).
aMaximal activation observed at a concentration of 100 µM. Accompanying EC50 values could not be calculated accurately. 
bMaximal activation observed at a concentration of 150 µM. Accompanying EC50 values could not be calculated accurately
cMaximal activation observed at a concentration of 106 µM. Accompanying EC50 values could not be calculated accurately

[bookmark: _Hlk144726172][bookmark: _Hlk144728422][bookmark: _Hlk144728433]As mixtures of the tail-less SCRAs ADB-5’Br-INACA and MDMB-5’Br-INACA (chirality not determined) were recently found in infused paper samples in Scottish prisons, similar mixtures were generated using the respective reference standards and tested using the CB1-βarr2 recruitment assay. Concentration-response curves are depicted in Figure 5, demonstrating that combining both substances only resulted in additive effects at CB1, with a gradual leftward shift of the activation profile curves upon decreasing (S)-ADB-5’Br-INACA/(S)-MDMB-5’Br-INACA ratios, in line with the more potent nature of (S)-MDMB-5’Br-INACA. No unforeseen pronounced increase of cannabinoid activation potential in case of a combination of both compounds could be observed. The fact that no plateau of maximal activation was reached precluded making valid statements about the effect of combining both substances on the efficacy at CB1. While at this point, we can only speculate about the rationale, if any, behind mixing different SCRAs (or precursors), it is clear from these findings that the mixtures did not result in an unexpected intrinsic CB1 activation potential. Based on these findings we have no basis to believe that the use of a mixture of (S)-ADB-5’Br-INACA and (S)-MDMB-5’Br-INACA will result in a more pronounced psychoactive effect; however, the experienced effects in vivo may also be impacted by other factors as described above. Although certainly interesting, evidence on the in vivo implications of combining SCRAs of different potencies is currently unavailable.
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Figure 5: Activation profiles of prepared mixtures of tail-less SCRAs (S)-ADB-5’Br-INACA (represented as ADB) and (S)-MDMB-5’Br-INACA (represented as MDMB) based on ratios found in casework samples[33]. Ratios ranges from 100% (S)-ADB-5’Br-INACA to 100% (S)-MDMB-5’Br-INACA. All data is normalized to the Emax of the reference standard CP55,940 (in black) and each datapoint represents the mean ± standard error of the mean (SEM), from three independent experiments, run in duplicate (n = 3).

Conclusion
[bookmark: _Hlk144728650]This study is the first to evaluate the functional characteristics of newly emerging halogenated SCRAs and some of their (predicted) structural analogs, using CB1 and CB2 βarr2 recruitment assays. The addition of a bromine substituent to the core of the conventional SCRA scaffold resulted in substances with a pronounced CB1 activation potential, with the predicted fluorinated (S)-ADB-5’F-BUTINACA analog having the most prominent efficacy. Removal of the tail moiety, as is the case for (S)-ADB-5’Br-INACA and (S)-MDMB-5’Br-INACA, resulted in compounds which were still able to activate both CB receptors, albeit with a decreased potency. In both tail-less structures and their butyl-tailed analogs, SCRAs with an ADB head group (carrying an amide function) were slightly less potent but more efficacious at both CB1 and CB2, as opposed to SCRAs with an MDMB head group (terminal methyl ester). Comparing the brominated tail-less (S)-ADB-5’Br-INACA with the non-brominated (S)-ADB-INACA, revealed the positive effect of bromine substitution of the core on CB activity and may also provide an insight into the potential of CB1 receptor activity of other recently emerged tailless SCRAs without halogenation of the indazole core (e.g. MDMB-INACA, ADB-IATA and CH-IATA). A G protein-based Ca2+ assay confirmed the observed structure-activity relationship at CB1. Assessment of the CB receptor activation potential of two seized powders, containing either ADB-5’Br-INACA or MDMB-5’Br-INACA (chirality not determined), revealed that the ADB-5’Br-INACA powder sample demonstrated similar pharmacological characteristics at both receptors as the (S)-ADB-5’Br-INACA reference standard. On the other hand, at CB2, a rather pronounced difference was observed for the concentration-response curves for the MDMB-5’Br-INACA powder and the corresponding (S)-MDMB-5’Br-INACA reference standard. Interestingly, both powders were less than 50% pure, highlighting the potential biological relevance of impurities present in these samples. Following detections of ADB-5’Br-INACA and MDMB-5’Br-INACA (chirality not determined) in Scottish prisons, different mixtures of (S)-ADB-5’Br-INACA and (S)-MDMB-5’Br-INACA reference standards were evaluated, revealing no unexpected pronounced effect on CB1. Overall, given the pronounced CB activation potential of some of these ban-evading analogs, more structurally related compounds are anticipated to appear in the (near) future. This emphasizes the importance of combining continuous monitoring of the recreational drug market with functional characterization of newly emerging substances, to allow prioritization of legislative or other actions related to substances of high concern.
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