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Abstract (max 250 words)
New synthetic opioids (NSOs) with diverse chemical structures continue to appear on recreational drug markets worldwide. U-type opioids have become one of the largest groups of non-fentanyl-related NSOs. Starting in 2020, a previously unreported U-compound coined “β-U10” (2-naphthyl U-47700; N-[2-(dimethylamino)cyclohexyl]-N-methylnaphthalene-2-carboxamide) was identified in Australia and the United States. β-U10 is a positional isomer of α-U10 (1-naphthyl U-47700), more commonly known as “U10”. Here, the first comparative in vitro pharmacological characterization of naphthyl U-47700 (U10 and β-U10), together with the structural analogue U-47700 and fentanyl, is reported. Application of a cell-based µ-opioid receptor (MOR) activation (β-arrestin 2 recruitment) assay demonstrated β-U10 (EC50=348 nM; Emax=150% vs. hydromorphone) to be less potent than U-47700 (EC50=116 nM; Emax=154%) and fentanyl (EC50=9.35 nM; Emax=146%), but considerably more active than the α-isomer (EC50 ~µM range). For the latter, maximum receptor activation could not be reached at 100 µM. The difference in MOR activation potential for U10 and β-U10 stresses the importance of (analytical) differentiation between closely related analytes. The emergence of β-U10 on the recreational drug market is an example of the continuing emergence of non-fentanyl-related NSOs, and further emphasizes the need to closely monitor fluctuations in the drug supply. 

Keywords (max 5): Naphthyl U-47700, U10 (α-U10), β-U10, µ-opioid receptor (MOR), new synthetic opioids (NSOs) 

1. Introduction 
[bookmark: _Hlk139531508]The use of new synthetic opioids (NSOs) poses significant threats to public health worldwide1,2. In earlier years, the NSO market was primarily populated by fentanyl analogues, until various scheduling actions prompted the market to shift gears3. Indeed, after being overshadowed by synthetic fentanyl analogues4, non-fentanyl-related opioids have increasingly dominated the NSO market since 20185,6. Among the structurally diverse chemical scaffolds, U-type opioids7 currently make up one of the largest groups of non-fentanyl-related NSOs. This class of opioids was originally studied in the 1970s by the Upjohn Company, in search of novel painkillers with a reduced risk of side-effects8. U-compounds are characterized by a trans-1,2-diaminocyclohexane moiety linked to a substituted phenyl ring by an amide group, sometimes bridged with an additional methylene spacer7. They are mostly named with a specific U-number (e.g. U-47700, U-51754). While none of the studied U-compounds were ever marketed, different analogues have started popping up as recreational drugs on the NSO market. A notorious example is U-47700 (Figure 1), which has been implicated in numerous intoxications and fatalities in the United States and Europe since its first emergence around 20148,9. U-47700 has been internationally controlled since 201710, yet other U-compounds remain unscheduled. 
[bookmark: _Hlk139531603]In the second half of 2020, “β-U10” (2-naphthyl U-47700 or (N-[2-(dimethylamino)cyclohexyl]-N-methylnaphthalene-2-carboxamide) (Figure 1) was identified in a seized powder11 and in discarded drug paraphernalia12 in Australia. This compound, a close bioisosteric analogue of U-47700 originating from an Upjohn patent13, had not been encountered before in a recreational drug context. In the United States, the drug was first identified in 2021, when it was detected alongside fentanyl, heroin and tramadol in both capsules and powder material14,15. Upon analysis of blood samples positive for heroin, β-U10 was detected in seven cases in Australia from October 2020 (n=6) and December 2021 (n=1). Blood concentrations in these cases ranged from 0.01 to 22 ng/mL (median = 3 ng/mL), and β-U10 was detected alongside methylamphetamine and etizolam in all cases16. Interestingly, while β-U10 had never been reported in a recreational drug context prior to these publications, the corresponding α-isomer (α-U10, 1-naphthyl U-47700 or N-[2-(dimethylamino)cyclohexyl]-N-methylnaphthalene-1-carboxamide; further referred to as U10) (Figure 1) is listed in a SWGDrug monograph as U1017. In this context, it is worth mentioning that the opioid U10 is not related to the anti-epileptic drug Briviact® (brivaracetam), the 10 mg tablets of which are stamped with the logo ‘U10’11. On the other hand, a certain parallel can be drawn between the naphthyl regioisomers of U-47700 and the stimulant naphyrone, of which both the α- and β-isomers have been described11,18. 
No information is currently available about the pharmacological properties and biological activity of β-U10. Here, the in vitro µ-opioid receptor (MOR) activation potential of the positional isomers U10 and β-U10 is reported in comparison to the structural analogue U-47700. 
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	Figure 1. Chemical structures of U-47700 (left), 1-naphthyl U-47700 or U10 (middle), and 2-naphthyl U-47700 or β-U10 (right). 



2. Materials and methods
[bookmark: _Hlk139892014]Reference standards for fentanyl, 1-naphthyl U-47700 (U10), and 2-naphthyl U-47700 (β-U10) (the latter two are racemic mixtures of the trans-isomers (R,R and S,S)) were obtained from Cayman Chemical (Ann Arbor, MI, U.S.). Hydromorphone HCl (hydromorphone) was purchased from Fagron (Nazareth, Belgium). Chiron AS (Trondheim, Norway) supplied U-47700 HCl (U-47700). Naloxone was purchased from LGC Standards (Wesel, Germany). Dulbecco’s Modified Eagle’s Medium (DMEM, GlutaMAX™), Opti-MEM® I Reduced Serum Medium, penicillin-streptomycin (10,000 IU/mL and 10,000 µg/mL), and amphotericin B (250 µg/mL) were purchased from Thermo Fisher Scientific (Waltham, MA, U.S.). Fetal bovine serum (FBS) and poly-D-lysine were obtained from Sigma-Aldrich (Darmstadt, Germany). The Nano-Glo® Live Cell Assay System (consisting of Nano-Glo® Live Cell Substrate and Nano-Glo® LCS Dilution Buffer) was supplied by Promega (Madison, WI, U.S.). 
The MOR activation potential of the test drugs was evaluated using a previously reported β-arrestin 2 (βarr2) recruitment assay stably expressed in human embryonic kidney (HEK) 293T cells19. Cells were routinely cultured in DMEM (GlutaMAX™; supplemented with 10% heat-inactivated FBS, 100 IU/mL penicillin, 100 µg/mL streptomycin and 0.25 mg/L amphotericin B), and were kept at 37°C in a humidified atmosphere containing 5% CO219. On the day of the assay, the cells (seeded at 5 x 104 cells/well of a 96-well plate) were washed twice with Opti-MEM® before adding 90 µL Opti-MEM® and 25 µL Nano-Glo® Live Cell Reagent (prepared according to manufacturer’s instructions). Baseline signals were continuously measured in a Tristar2 LB 942 multimode plate reader (Berthold Technologies GmbH & Co., Bad Wildbad, Germany) until stabilization of the signal (10-15 min). Next, 20 µL of a 6.75-times concentrated stock solution of the opioid agonists (in Opti-MEM® (hydromorphone) or Opti-MEM®/MeOH) was added to the wells, and luminescence was continuously monitored for approximately 2 hours. All compounds were tested in three independent experiments (n=3) in concentrations ranging from 10 pM to 100 µM, with duplicates included for each concentration within an experiment. Appropriate solvent controls were routinely included. Raw data analysis was performed as described previously20, and GraphPad Prism 9 (San Diego, CA, U.S.) was used to generate concentration-response curves via three-parameter logistic regression. In line with previous studies19,21, data were normalized to the maximum response of hydromorphone (100%). Normalized AUC values from the different experiments were combined to obtain final concentration-response curves, including calculation of potency (EC50) and efficacy (Emax, relative to hydromorphone) values. The experiments for this work were run in parallel with those reported in Vandeputte et al.22. As a result, data for hydromorphone and fentanyl were also published in Vandeputte et al., 202322.
A fentanyl competition experiment was performed as previously described23. Briefly, after the equilibration phase (cfr. supra), 10 µL of a 12.5-times concentrated stock solution of U10 (1 nM to 100 µM) (or naloxone, 10 pM to 10 µM) was added to the cells, and the luminescence measurement was initiated. After 5 minutes, 10 µL of a 13.5-times concentrated stock solution of fentanyl (final concentration = 0.05 µM) or solvent (OptiMEM®/MeOH) was injected. The measurement was not interrupted during injection, and was continued for a total of approximately 2 hours. Appropriate solvent controls, as well as wells containing only fentanyl (0.05 µM), were also included. The experiment was repeated three times (n=3), and the data were normalized to the average AUC obtained from the signal of 0.05 µM fentanyl (without injection). 
3. Results and discussion
[bookmark: _Hlk139288943]Both U10 and β-U10 activated MOR in a concentration-dependent manner (Table 1, Figure 2). β-U10 was about 3 times less potent than the structural analogue U-47700, with a comparable efficacy. Compared to fentanyl, β-U10 was > 30 times less potent and about equally efficacious. While caution is required when attempting to directly translate in vitro findings to the in vivo situation, the obtained efficacies suggest that high doses of β-U10 might reach the level of opioid effects observed with U-47700 and fentanyl. Notably, the absence of halogens in the 3,4-positions of the aromatic ring (as seen in U-47700) may render β-U10 (and U10) more susceptible to enzymatic hydroxylation after consumption, potentially limiting in vivo duration of action8,24. Sterically, β-U10 can be considered a closer analogue of U-47700 than U10. Given the known structure-activity relationships of U-compounds (with 3,4-substitutions appearing optimal compared to other substitution patterns), it is therefore not surprising that a lower activity was found for U10 in relation to U-47700 than for the β-isomer8,9. While a plateau of MOR activation could not be reached for U10, an estimated potency in the µM range was obtained, with an efficacy of around 50% (compared to hydromorphone) for the highest tested concentration (100 µM). The partial agonist/antagonist properties of U10 were further confirmed in a competition experiment with fentanyl (Figure 3), in which high concentrations (≥ 10 µM) of U10 were capable of partially suppressing receptor activation caused by a ≥ 200 times lower concentration of fentanyl. 
Figure 2. Concentration-response curves obtained in the MOR-βarr2 assay (n=3) for U10, β-U10, and different comparator opioids. Results are shown as mean receptor activation ± standard error of the mean (SEM), and are normalized to the maximum response of hydromorphone. AUC, area under the curve; HM, hydromorphone. 
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Figure 3. Results of competition experiments between U10 (left) or the opioid antagonist naloxone (right) and fentanyl (0.05 µM) for MOR activation. High concentrations of U10 are capable of partially blocking receptor activation caused by fentanyl. Confirming the weak MOR agonism of U10, full antagonism of fentanyl receptor activation (as seen with naloxone) is not observed with U10. AUC, area under the curve. 
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[bookmark: _Hlk139287477][bookmark: _Hlk139532175]The observed weak MOR agonism of U10 is in line with a study by Hsu et al., who reported that 1 µM (R,R)-U10 had no observable agonistic effect in a cyclic adenosine monophosphate (cAMP) accumulation assay25. While β-U10 is included in an Upjohn patent13, data on its pharmacological properties are currently not available. 
β-U10 has been identified in drug material11,14 and discarded drug paraphernalia12 in Australia and the United States, commonly alongside heroin and designer benzodiazepines. Notably, β-U10 has only been identified in absence of U10. While the latter is listed in a SWGDrug monograph17, information on the appearance of U10 as an NSO is lacking. Considering the higher MOR activation potential of β-U10 compared to U10, it is not surprising that β-U10 may prevail over U10 on the NSO market. Full chemical characterization of both regioisomers has been previously reported11,12,15,17. 
4. Conclusions
This report details the in vitro pharmacological characterization of U10 and β-U10, positional isomers of naphthyl U-47700. It was shown that while β-U10 is less active than U-47700, it is considerably more active than the α-isomer. This stresses the importance of the ability to analytically differentiate between closely related analytes. The emergence of β-U10 on the recreational drug market is an example of the continuing emergence of non-fentanyl-related NSOs. Considering the dangers of (unsuspected) use of previously unknown substances with opioid effects, the dynamic NSO market warrants constant scrutiny.
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[bookmark: _Hlk139287029]Table 1. Overview of potency (EC50, nM) and efficacy (Emax, % of hydromorphone) values (n=3) of the different test compounds. 95% confidence intervals are shown between parentheses. 
	Compound
	EC50 (nM)
	Emax (% of HM)

	U10 (1-naphthyl U-47700)
	> 23000*
	49.2*

	β-U10 (2-naphthyl U-47700)
	348 (247-488)
	150 (142-158)

	U-47700
	116 (76.4-176)
	154 (145-163)

	Fentanyl
	9.35 (6.33-13.8)
	146 (138-155)

	Hydromorphone
	25.8 (18.0-37.2)
	100 (94.6-106)


* Maximum receptor activation observed at 100 µM; incomplete concentration-response curve (CRC). Reported EC50 value is an estimation based on extrapolation of the CRC, and should be interpreted with caution. 
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