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Introduction

Buprenorphine (BUP), a semi-synthetic opioid derivate of thebaine, is widely used as an effective maintenance treatment in heroin addicts. Since 2006, a BUP/naloxone (BUP/NLX) combination has been marketed with the aim of preventing intravenous misuse of crushed buprenorphine tablets. In humans [START_REF] Yassen | Mechanismbased PK/PD modeling of the respiratory depressant effect of buprenorphine and fentanyl in healthy volunteers[END_REF][START_REF] Walsh | Acute administration of buprenorphine in humans: partial agonist and blockade effects[END_REF][START_REF] Jasinski | Human pharmacology and abuse potential of the analgesic buprenorphine: a potential agent for treating narcotic addiction[END_REF] as well as rodents [START_REF] Chevillard | Characteristics and comparative severity of respiratory response to toxic doses of fentanyl, methadone, morphine, and buprenorphine in rats[END_REF][START_REF] Cohier | Respiratory effects of buprenorphine/naloxone alone and in combination with diazepam in naive and tolerant rats[END_REF], BUP was shown to exhibit ceiling respiratory effects in contrast to other opioids, supporting its safety profile. However, reports emerged of BUP-associated poisonings with typical opioid features and respiratory depression and even fatalities [START_REF] Mégarbane | Prospective comparative assessment of buprenorphine overdose with heroin and methadone: clinical characteristics and response to antidotal treatment[END_REF][START_REF] Ferrant | Fatal poisoning due to snorting buprenorphine and alcohol consumption[END_REF][START_REF] Häkkinen | Benzodiazepines and alcohol are associated with cases of fatal buprenorphine poisoning[END_REF] while toxicity prevention using the BUP/NLX combination remains a matter of debate [START_REF] Pedapati | Toddlers requiring pediatric intensive care unit admission following at-home exposure to buprenorphine/naloxone[END_REF][START_REF] Häkkinen | Parenteral buprenorphine-naloxone abuse is a major cause of fatal buprenorphine-related poisoning[END_REF].

BUP is highly bound to blood proteins (96%) and metabolized in the liver by the cytochrome P450 3A4 into the active and toxic metabolite norbuprenorphine (NorBUP) [START_REF] Garrett | Pharmacokinetics of morphine and its surrogates VI: Bioanalysis, solvolysis kinetics, solubility, pK'a values, and protein binding of buprenorphine[END_REF][START_REF] Kobayashi | Human buprenorphine N-dealkylation is catalyzed by cytochrome P450 3A4[END_REF][START_REF] Mégarbane | Buprenorphine is protective against the depressive effects of norbuprenorphine on ventilation[END_REF]. Both compounds are extensively conjugated by UDP-glucuronyl transferase to form the active metabolites, BUPglucuronide (BUP-GLUC) and NorBUP-glucuronide (NorBUP-GLUC) [START_REF] Brown | Buprenorphine metabolites, buprenorphine-3-glucuronide and norbuprenorphine-3-glucuronide, are biologically active[END_REF]. The mu-opioid receptor antagonist NLX is also conjugated to form an active metabolite, NLX-glucuronide (NLX-GLUC) [START_REF] Marco | Determination of drug glucuronidation and UDPglucuronosyltransferase selectivity using a 96-well radiometric assay[END_REF].

In autopsy cases where BUP or NorBUP had been detected in blood or urine, differences in blood concentrations of BUP and NBUP between BUP-attributed fatalities and cases with other causes of death were not clinically relevant [START_REF] Ferrant | Fatal poisoning due to snorting buprenorphine and alcohol consumption[END_REF][START_REF] Häkkinen | Benzodiazepines and alcohol are associated with cases of fatal buprenorphine poisoning[END_REF][START_REF] Häkkinen | Parenteral buprenorphine-naloxone abuse is a major cause of fatal buprenorphine-related poisoning[END_REF][START_REF] Seldén | Toxicological and pathological findings in a series of buprenorphine related deaths. Possible risk factors for fatal outcome[END_REF], suggesting that BUP overdose cannot explain the patient's death by itself in the majority of cases. Mechanisms of BUP-related toxicity remain thus still unclear, requiring extensive investigations based on experimental studies, which mainly involve rats.

Due to the small blood volumes sampled from rats, quantification of BUP and its metabolites in whole blood is requested to facilitate the experimental procedures and limit the number of animals in pharmacokinetic studies. Quantification in whole blood is challenging due to the complexity and diversity of the components included in such a matrix, additionally requiring a sensitive and specific detection system such as liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS). LC-MS/MS is considered as the technique of reference for drug analysis including BUP in forensic toxicology and situations requiring multiple sampling like pharmacokinetic studies [START_REF] Brown | Buprenorphine metabolites, buprenorphine-3-glucuronide and norbuprenorphine-3-glucuronide, are biologically active[END_REF][START_REF] Ceccato | Sensitive determination of buprenorphine and its Ndealkylated metabolite norbuprenorphine in human plasma by liquid chromatography coupled to tandem mass spectrometry[END_REF][START_REF] Harris | Pharmacokinetics and subjective effects of sublingual buprenorphine, alone or in combination with naloxone: lack of dose proportionality[END_REF][START_REF] Concheiro | Simultaneous analysis of buprenorphine, methadone, cocaine, opiates and nicotine metabolites in sweat by liquid chromatography tandem mass spectrometry[END_REF][START_REF] Lüthi | Buprenorphine and norbuprenorphine quantification in human plasma by simple protein precipitation and ultra-high performance liquid chromatography tandem mass spectrometry[END_REF].

Various sample preparation techniques were developed using solid-phase [START_REF] Ceccato | Sensitive determination of buprenorphine and its Ndealkylated metabolite norbuprenorphine in human plasma by liquid chromatography coupled to tandem mass spectrometry[END_REF][START_REF] Concheiro | Simultaneous analysis of buprenorphine, methadone, cocaine, opiates and nicotine metabolites in sweat by liquid chromatography tandem mass spectrometry[END_REF][START_REF] Swortwood | Simultenous quantification of buprenorphine, naloxone and phase I and II metabolites in plasma and breastmilk by liquid chromatography-tandem mass spectrometry[END_REF] or liquid-liquid extraction [START_REF] Tracqui | HPLC/MS determination of buprenorphine and norbuprenorphine in biological fluids and hair samples[END_REF][START_REF] Moody | A liquid chromatographic-electrospray ionization-tandem mass spectrometric method for determination of buprenorphine, its metabolite, norbuprenorphine, and a coformulant, naloxone, that is suitable for in vivo and in vitro metabolism studies[END_REF] to measure BUP and NorBUP; however, these methods are time-consuming although liquid-liquid extraction can be quite efficient and also cost-efficient. Moreover, extraction of glucuronides into a lipophilic organic solvent is difficult due to their highly polar and hydrophilic properties [START_REF] Trontelj | Quantification of glucuronides metabolites in biological matrices by LC-MSMS[END_REF]. Whereas sample preparation is not necessarily required for urine [START_REF] Harris | Pharmacokinetics and subjective effects of sublingual buprenorphine, alone or in combination with naloxone: lack of dose proportionality[END_REF][START_REF] Swortwood | Simultenous quantification of buprenorphine, naloxone and phase I and II metabolites in plasma and breastmilk by liquid chromatography-tandem mass spectrometry[END_REF][START_REF] Hegstad | Rapid quantification of buprenorphine-glucuronide and norbuprenorphine-glucuronide in human urine by LC-MS-MS[END_REF][START_REF] Marin | Quantitation of Buprenorphine, Norbuprenorphine, Buprenorphine Glucuronide, Norbuprenorphine Glucuronide, and Naloxone in Urine by LC-MS/MS[END_REF][START_REF] Agostini | Rapid, hydrolysis-free, dilute-and-shoot method for the determination of buprenorphine, norbuprenorphine and their glucuronides in urine samples using UHPLC-MS/MS[END_REF] and oral fluid [START_REF] Truver | Quantitative Analysis of Novel Synthetic Opioids, Morphine and Buprenorphine in Oral Fluid by LC-MS-MS[END_REF][START_REF] Liu | Simultaneous determination of buprenorphine, norbuprenorphine and naloxone in human plasma by liquid chromatography/tandem mass spectrometry[END_REF], protein precipitation at least is requested for plasma and blood. Interestingly, BUP and NorBUP were previously quantified using protein precipitation in plasma [START_REF] Lüthi | Buprenorphine and norbuprenorphine quantification in human plasma by simple protein precipitation and ultra-high performance liquid chromatography tandem mass spectrometry[END_REF]; however, quantification of BUP-GLUC and NorBUP-GLUC were not included in this study. Additionally, BUP and metabolite concentrations were mainly measured in plasma, whether in humans [START_REF] Ceccato | Sensitive determination of buprenorphine and its Ndealkylated metabolite norbuprenorphine in human plasma by liquid chromatography coupled to tandem mass spectrometry[END_REF][START_REF] Liu | Simultaneous determination of buprenorphine, norbuprenorphine and naloxone in human plasma by liquid chromatography/tandem mass spectrometry[END_REF][START_REF] Polettini | Simultaneous determination of buprenorphine, norbuprenorphine, and buprenorphine-glucuronide in plasma by liquid chromatography-tandem mass spectrometry[END_REF] or rats [START_REF] Gopal | Characterization of the pharmacokinetics of buprenorphine and norbuprenorphine in rats after intravenous bolus administration of buprenorphine[END_REF][START_REF] Pirnay | Liquid chromatographic-electrospray ionization mass spectrometric quantitative analysis of buprenorphine, norbuprenorphine, nordiazepam and oxazepam in rat plasma[END_REF][START_REF] Joshi | Quantitative determination of buprenorphine, naloxone and their metabolites in rat plasma using hydrophilic interaction liquid chromatography coupled with tandem mass spectrometry[END_REF] while whole blood [START_REF] Tracqui | HPLC/MS determination of buprenorphine and norbuprenorphine in biological fluids and hair samples[END_REF][START_REF] Hoja | Determination of buprenorphine and norbuprenorphine in whole blood by liquid chromatography-mass spectrometry[END_REF][START_REF] Favretto | Potentials of ion trap collisional spectrometry for liquid chromatography/electrospray ionization tandem mass spectrometry determination of buprenorphine and nor-buprenorphine in urine, blood and hair samples[END_REF] were rarely used.

To the best of our knowledge, no study has developed a method of measurement of BUP and metabolites in rat whole blood. To facilitate the conduction of experimental investigations on the mechanisms of BUP-related toxicity, we aimed to develop an LC-MS/MS method allowing the simultaneous quantification of BUP, NorBUP, NLX and their conjugated metabolites in rat whole blood using an extraction based on protein precipitation. We validated the method according to the current acceptance criteria for bioanalytical method validation. This method was used to study the neurorespiratory effects of buprenorphine and ethanol in combination [START_REF] Cohier | Editor's Highlight: Neurorespiratory Effects of Buprenorphine and Ethanol in Combination: A Mechanistic Study of Drug-Drug Interactions in the Rat[END_REF].

Material and method

Chemicals and materials

BUP Hydrochloride and NLX-3-β-GLUC were provided by Lipomed (Arlesheim, Switzerland) and dissolved in methanol to obtain concentrations 1 and 0.1 g/L of, respectively. NorBUP, BUP-3β-D-GLUC, NorBUP-GLUC, BUP-d4, NorBUP-d4 and NLX-d5, were provided by Cerilliant (Austin, TX, USA) and dissolved in methanol to obtain concentrations of 0.1 g/L. NLX hydrochloride dihydrate was provided by LGC (Molshein, France) and dissolved in methanol to obtain a concentration of 0.810 g/L as anhydrous free base. Only three stable-isotope-labeled analogues, BUP-d4, NorBUP-d3 and NLX-d5, were used as internal standard (IS). Deuterated analogues of BUP-GLUC, NorBUP-GLUC and NLX-GLUC were not available. Ammonium formate was purchased from Sigma-Aldrich (St Quentin, France). Methanol and acetonitrile were high performance liquid chromatography (HPLC)-grade and obtained from Carlo Erba Reagents (Val de Reuil, France). Water was deionized using milli-Q ultrapure water system (Millipore Corp., Woburn, MA, USA).

In the rat study, BUP hydrochloride powder was generously provided by Reckitt Benckiser (Evry, France) and diluted in 4% Tween ® (Sigma-Aldrich, St Quentin, France) for intravenous administration. NLX hydrochloride dihydrate powder (Sigma-Aldrich, France) was diluted in 4% Tween ® and mixed with BUP to obtain BUP/NLX solution at 4:1 ratio in agreement with the marketed Suboxone ® formulation.

2.2-Preparation of standard solutions

Before each experiment, two sets containing stock solutions of BUP, NorBUP, BUP-GLUC, NorBUP-GLUC, NLX and NLX-GLUC were prepared by dilution in methanol at concentrations of 5000, 500, 50 and 5 ng/mL. One set was used to prepare calibration standards and the other to prepare the validation samples and quality controls. IS stock solution (BUP-d4, NorBUP-d3, NLX-d5) was diluted in methanol to obtain a working solution of 250 ng/mL. All these stock solutions were stored at -20°C.

2.3-Instrumentation

LC-MS/MS analysis was performed with the Agilent 1260 infinity HPLC system (Agilent Technology, Santa Clara, CA, USA) consisting of quaternary pumps, an autosampler and a vacuum degasser. Chromatographic separation was carried out using a Raptor TM biphenyl core-shell column (100 mm x 3 mm, 2.7 µm) (Restek, Bellefonte, PA, USA) with the corresponding guard column. The HPLC system was coupled to an API 3200 TM triple quadrupole mass spectrometer (Sciex, Framingham, MA, USA) equipped with a turboV TM ion source operating in positive electrospray ionization (ESI + ). Instrument control and data acquisition were performed by Sciex Analyst R 1.6 software. For qualitative results, compound identification is typically performed by retention time (RT) matching and calculating the ratio of quantifier and qualifier MRM transition for each compound. For quantitative results, only quantifier MRM transition was used.

2.4-Method description

Sample preparation

Whole blood samples (calibration, validation, internal quality control and unknown specimens) were spiked with 10 μL of IS solution. Samples were submitted to protein precipitation by 140 μL of acetonitrile and were centrifuged at 18,213x g (12,700 rpm) for 10 min. One hundred μL of the supernatant was transferred to a vial containing 300 μL of ultrapure water. Vials were then submitted for instrumental analysis.

For fortified samples (calibration, validation, internal quality control), fifty μL of blank whole blood (pool of whole blood from 5 non-exposed rats) were spiked with the corresponding working solution at the appropriate concentrations. For calibration standards, eleven concentrations were used (1, 2.5, 5, 10, 25, 50, 100, 250, 1,000, 2,500 and 5,000 ng/mL). For validation standards, eleven concentrations were used, each in triplicate (0.75, 1.5, 4, 7.5, 15, 40, 75, 150, 750, 1,500 and 4,000 ng/mL). For routine analysis, three concentrations were used for internal quality control (15, 150 and 1,500 ng/mL).

LC conditions

The HPLC column was held at 30°C. The mobile phases consisted of a mixed solvent system of 0.25 mM aqueous ammonium formate with 0.1% formic acid (solvent A) and methanol (solvent B).

Gradient elution was performed at a constant 300-µL/min flow rate as follows: 1 min equilibration followed by a linear decrease during 7 min from 95 to 5% of solvent A and 2 min maintained at 5% of solvent A (see Table 1S in the Supplementary material). Then, the system was placed in the initial mobile phase conditions for 3.5 min to allow column equilibration. The injection volume was set at 80µL in full loop mode. Autosampler was kept at 8°C. The system pressure was near 275 bars at the beginning of the run.

MS/MS conditions

Detection was carried out using scheduled MRM mode. However, surviving precursor ions were monitored to reduce lack of sensitivity of fragmented ions. Collision energies were optimized to monitor the two most abundant transitions per compound and used for identification and determination. Nitrogen was used as desolvation gas. Capillary voltage was set at 5,500 V and source temperature at 500°C. Dwell time was 62.5 ms for each MRM transition.

2.5-Method validation

For validation, a "fitness-to-purpose" strategy was used based on the accuracy profile procedure [START_REF] Feinberg | Validation of analytical methods based on accuracy profiles[END_REF]. The described procedure was designed as recommended for any new analytical method used in pharmacokinetic studies [START_REF] Peters | Validation of new methods[END_REF] and validated according to the accepted recommendations [START_REF] Peters | Validation of new methods[END_REF][START_REF]Guidance for industry. Q2B Validation of analytical procedures: methodology[END_REF][START_REF]Guidance for Industry[END_REF][START_REF]Commission decision of 12[END_REF][START_REF] Wille | Update of Standard Practices for New Method Validation in Forensic Toxicology[END_REF]. Three independent series (different days and different operators) were conducted and analyzed. On each validation day, calibration standards and validation samples, in triplicate (n=9 for each level), were prepared independently from the corresponding standard solutions. The concentrations of compounds in validation samples were calculated from the area ratio between the compound and its corresponding IS, based on calibration curves prepared daily as described below. BUP-d4 was used as IS for BUP and BUP-GLUC quantification, NorBUP-d3 for NorBUP and NorBUP-GLUC quantification and NLX-d5 for NLX and NLX-GLUC quantification. Data were obtained using the e-noval ® software (Arlenda ® , Liege, Belgium). The acceptance limits were set at +/-40% for all the studied compounds except for NLX-GLUC (+/-50%). The β-expectation tolerance interval was set at +/-10%, selected according to the intended use of the analytical procedure.

Selectivity and carry over

The method selectivity toward matrix was determined by checking the absence of interfering peaks at compound RT in blank whole blood from six different batches. Carry-over effects were evaluated by injecting the mobile phase at initial conditions [buffer/methanol (95:5, v/v)] after the highest calibration sample (5,000 ng/mL) and by checking the absence of peak compounds.

Calibration models, LLOQs, ULOQs and LODs

Calibration models, limits of detection (LODs), lower limits of quantification (LLOQs) and upper limits of quantification (ULOQs) for each compound were calculated using the e-noval software based on three validation series performed on three independent days. LODs and LLOQs were checked from the concentrations of the two transition qualifier and quantifier compounds giving rise to signal-tonoise (S/N) ratios of 3 for a validation sample near the LOD and 10 for a validation sample near the LLOQ as recommended [START_REF]Guidance for industry. Q2B Validation of analytical procedures: methodology[END_REF][START_REF]Guidance for Industry[END_REF][START_REF]Commission decision of 12[END_REF][START_REF] Lindner | Requirements for initial assay validation and publication in J. Chromatography B[END_REF]. MRM ratios of samples near the LOD and LLOQ were calculated as the ratio of the quantifier and qualifier transition and a 30% generic tolerance permitted according to the SANCO/12571/2013 guidelines [START_REF]Commission decision of 12[END_REF] when compared to mean MRM ratios of the three calibration standards.

Trueness, precision and accuracy profile

Quantitative determination of trueness and precision (repeatability and intermediate precision) were assessed by the three validation series, at eleven concentrations of each studied compound ranging from 0.75 to 4,000 ng/ml. Ratios between the mean concentrations obtained from the analytical measurements and the theoretical concentrations were used to calculate trueness. Variances of repeatability (intra-day variances) and intermediate precision (sum of intra-day and inter-days variances) were used to estimate the precision of measurements [START_REF] Chapuzet | Chromatographic dosage methods in biological mediums : a validation strategy[END_REF]. Precision at each concentration was expressed as the coefficient of variation (CV) based on the theoretical value of the concentration [START_REF] Rozet | Analysis of recent pharmaceutical regulatory documents on analytical method validation[END_REF]. According to recommendations, trueness was expected to be within 85-115% of the theoretical value (LLOQ 80-120%) and precision within +/-15% except for LLOQ (20%). Accuracy profiles of all the compounds were used to determine the total error including systematic (trueness) and random (intermediate precision) errors.

Freeze/thaw stability at -20°C

All the whole blood samples were frozen after blood collection and underwent one freeze/thaw cycle. All the studied compounds were reported to be stable over at least 9 months in whole blood or plasma [START_REF] Moody | A liquid chromatographic-electrospray ionization-tandem mass spectrometric method for determination of buprenorphine, its metabolite, norbuprenorphine, and a coformulant, naloxone, that is suitable for in vivo and in vitro metabolism studies[END_REF][START_REF] Moody | Determination of buprenorphine in human plasma by gas chromatography-positive ion chemical ionization mass spectrometry and liquid chromatography-tandem mass spectrometry[END_REF][START_REF] Hadidi | Stability of morphine and buprenorphine in whole blood[END_REF][START_REF] Jiang | Development and validation of a sensitive LC/MS/MS method for the simultaneous determination of naloxone and its metabolites in mouse plasma[END_REF][START_REF] Liu | Simultaneous determination of buprenorphine, norbuprenorphine and naloxone in human plasma by liquid chromatography/tandem mass spectrometry[END_REF]. This delay between blood sampling and LC-SM 2 analysis was observed in our study. Additionally, according to the literature [START_REF] Peters | Validation of new methods[END_REF], assessment of compound stability in our study was not requested.

Precipitation recovery and matrix effect

As whole blood components are able to disturb quantification of compounds by signal suppression or enhancement, matrix effect was quantitatively evaluated, based on Matuszewski's approach [START_REF] Matuszewski | Strategies for the assessment of matrix effect in quantitative bioanalytical methods based on HPLC-MS/MS[END_REF].

Samples at intermediate (150 ng/mL) concentrations were analyzed. IS concentrations were set at fixed concentrations (250 ng/mL) for all samples based on our procedure. Three different sample sets were prepared: (1) water samples spiked after precipitation in triplicate; (2) five different whole blood samples spiked after protein precipitation and (3) before protein precipitation. The matrix effect of each compound was evaluated as the peak area ratio of ( 2) to (1) and was expressed as value above (enhancement) or below (suppression) 100 %. Precipitation recovery was estimated as the peak area ratio of (3) to (2) and was expressed as value above or below 100 %. For (1), the mean peak area of each triplicate was used as reference. For the five different rat whole blood (2 and 3), the mean peak area was determined. For BUP, NBUP and NLX, the corrected matrix effect was calculated using area ratio of the area quantifier to area of the internal standard. Variability between whole blood was expressed as CV. Variability of ME between five different sources of blank whole blood matrix was expected not to exceed 15% CV, but larger variability was acceptable if stable-isotope-labeled analogues are used as IS that effectively compensate for variability in matrix effect. [START_REF] Viswanathan | Quantitative bioanalytical methods validation and implementation: best practices for chromatographic and ligand binding assays[END_REF][START_REF] Stokvis | Stable isotopically labeled internal standards in quantitative bioanalysis using liquid chromatography/mass spectrometry: necessity or not?[END_REF][START_REF] Berg | ¹³C labelled internal standards--a solution to minimize ion suppression effects in liquid chromatography-tandem mass spectrometry analyses of drugs in biological samples?[END_REF][START_REF] Wang | Does a stable isotopically labeled internal standard always correct analyte response? A matrix effect study on a LC/MS/MS method for the determination of carvedilol enantiomers in human plasma[END_REF].

2.5-Determination of rat whole blood concentrations of BUP, NLX and their metabolites 24h after intravenous BUP/NLX administration

This experiment was a part of a larger pharmacokinetic study conducted in our laboratory. Our experimental protocol was approved by our animal institutional ethic committee (Paris-Descartes University). We used one 7-week-old male Sprague-Dawley rat weighing 300 g and purchased from Janvier (Genest, France). Twenty-four hours before the drug administration, the rat was anesthetized with intraperitoneal 70 mg.kg -1 ketamine (Ketalar ® ) and 10 mg.kg 1 xylazine (Rompum ® ) and its femoral vein and artery catheterized, as previously reported [START_REF] Cohier | Respiratory effects of buprenorphine/naloxone alone and in combination with diazepam in naive and tolerant rats[END_REF]. BUP/NLX (30.0/7.5 mg/kg) was administered by the intravenous route and one blood sample (150 µL) collected 24h after drug administration by the arterial route. The sample was homogenized and frozen immediately at -20°c until LC-MS/MS analysis. Before analysis, the sample was spiked with the IS solutions and treated similarly to the calibration and validation samples.

Results and discussion

Method development

Sample preparation

We used a simple cost-and time-saving extraction technique based on protein precipitation, which additionally allowed optimizing recoveries of glucuronide molecules. We tested two solvents (methanol and acetonitrile) at different dilution ratios. We did not test other protein precipitation techniques in order to preserve interface cleanness and avoid alterations in glucuronide metabolites.

Acetonitrile was finally chosen for proteins precipitation, as recommended with acetonitrile-to-plasma ratio of 3:1 (showing high protein precipitation efficiency of 93.5% in this setting) [START_REF] Polson | Optimization of protein precipitation based upon effectiveness of protein removal and ionization effect in liquid chromatography-tandem mass spectrometry[END_REF]. Furthermore, isotope-labeled IS were used as recommended to improve the method's selectivity and robustness validation performance [START_REF] Jiang | Development and validation of a sensitive LC/MS/MS method for the simultaneous determination of naloxone and its metabolites in mouse plasma[END_REF][START_REF] Liu | Simultaneous determination of buprenorphine, norbuprenorphine and naloxone in human plasma by liquid chromatography/tandem mass spectrometry[END_REF][START_REF] Matuszewski | Strategies for the assessment of matrix effect in quantitative bioanalytical methods based on HPLC-MS/MS[END_REF][START_REF] Viswanathan | Quantitative bioanalytical methods validation and implementation: best practices for chromatographic and ligand binding assays[END_REF]. Supernatants were reconstituted with water before injection to near the initial phase composition of the chromatographic method and thus to limit the impact of the solvent concentration in the injected specimen on the peak resolution.

LC conditions

Due to the heterogeneity of the physicochemical properties of the studied compounds, elution parameters had to be determined to obtain, in the same analysis, sufficient robustness, selectivity, resolution and retention for each analyte. Retention was optimized to compensate for the lower selectivity due to monitoring of the precursor ion and for the sample treatment performed by protein precipitation that gave less purified extracts.

A Raptor TM biphenyl core-shell column was chosen because of its ability to provide highly retentive, selective and rugged reversed-phase separations of hydrophilic and lipophilic drugs and metabolites such as BUP [START_REF]6H2?u=https%3A%2F%2Fwww. restek[END_REF]. By increasing retention of conjugated compounds, this column could reduce ion suppression. Polar methanol mobile phase was used according to Restek's recommendations for increasing selectivity of the Raptor TM biphenyl column by pi (π) stacking.

Various parameters were tested including the mobile phase pH (buffer and acid adjunction), the flow rate, the equilibration time and the gradient elution. Since the chosen conditions are a compromise between the impacts of each parameter on the retention of each substance, we have chosen not to detail all implemented tests. The molarity of ammonium formate buffer was tested between 0.25 and 5 mM. The best selectivity and RT stability were obtained at 0.25 mmol/L adjusted to pH 2.7 (which is in accordance with most published methods used to quantify BUP [START_REF] Ceccato | Sensitive determination of buprenorphine and its Ndealkylated metabolite norbuprenorphine in human plasma by liquid chromatography coupled to tandem mass spectrometry[END_REF][START_REF] Hegstad | Rapid quantification of buprenorphine-glucuronide and norbuprenorphine-glucuronide in human urine by LC-MS-MS[END_REF][START_REF] Polettini | Simultaneous determination of buprenorphine, norbuprenorphine, and buprenorphine-glucuronide in plasma by liquid chromatography-tandem mass spectrometry[END_REF]). In these conditions, naloxone was sufficiently retained to obtain an acceptable resolution while preserving the retention of the other compounds. In the final chromatographic conditions, analytes were separated in <8 min which was faster than in many published methods using LC-MS/MS for BUP quantification [START_REF] Brown | Buprenorphine metabolites, buprenorphine-3-glucuronide and norbuprenorphine-3-glucuronide, are biologically active[END_REF][START_REF] Ceccato | Sensitive determination of buprenorphine and its Ndealkylated metabolite norbuprenorphine in human plasma by liquid chromatography coupled to tandem mass spectrometry[END_REF][START_REF] Concheiro | Simultaneous analysis of buprenorphine, methadone, cocaine, opiates and nicotine metabolites in sweat by liquid chromatography tandem mass spectrometry[END_REF][START_REF] Chang | Effect of benzodiazepines on the metabolism of buprenorphine in human liver microsomes[END_REF]. The retention times of BUP, NLX and their metabolites are listed in table 1. In these conditions, no interfering peak was observed (See selectivity and carry over). As recommended [START_REF] Viswanathan | Quantitative bioanalytical methods validation and implementation: best practices for chromatographic and ligand binding assays[END_REF], isotope-labeled IS were used to improve the robustness of the method.

MS/MS conditions

For each studied compound, ionization parameters, cone voltages and collision energies were optimized by infusion of a 100 ng/mL solution into the detector at 10 µL/min flow rate in combination with the mobile phase. The positive mode was chosen. In a first step, fragmented ions with highest signals were chosen for MRM quantification. However, this detection method resulted in a poor sensitivity that was not in accordance with the expected LLOQ. To compensate this lack of sensibility, surviving parent ions with higher signals than their respective fragmented ions were monitored as previously reported for the detection of BUP [START_REF] Polettini | Simultaneous determination of buprenorphine, norbuprenorphine, and buprenorphine-glucuronide in plasma by liquid chromatography-tandem mass spectrometry[END_REF][START_REF] Favretto | Potentials of ion trap collisional spectrometry for liquid chromatography/electrospray ionization tandem mass spectrometry determination of buprenorphine and nor-buprenorphine in urine, blood and hair samples[END_REF][START_REF] Seldén | LC-MS-MS analysis of buprenorphine and norbuprenorphine in whole blood from suspected drug users[END_REF]. Despite a decrease in selectivity compared to the usual MRM mode which detects fragment ions, monitoring parent ions improved sensitivity.

Optimized qualifier and quantifier MRM transitions, cone voltage and collision energies are shown in Table 1.

Selectivity and carry over 12

No interference was observed at the RT of the studied compounds and IS, based on six different blank whole blood (see Figure 1S in the Supplementary material). No carry over (0.01%) was observed when a mobile phase was analyzed just after the highest calibration standard (5,000 ng/mL) (data not shown).

Calibration model, LLOQs, ULOQs and LODs

Different models of regression were performed by e-noval and the most suitable models based on trueness and precision are listed in Table 2. Weighed regression models were more appropriate for these calibration ranges (one or two order of magnitude). The regression equations, LODs, LLOQs and ULOQs are listed in Table 2. LODs and LLOQs were calculated by e-noval and confirmed by analyzing S/N of 3 near LD. S/N near LODs and LLOQs were all superior to 3 and 10, respectively for all the compounds (See Figure 1S and Table 2S in the Supplementary material) and were in accordance with the international recommendations for validation of analytical methods [START_REF]Guidance for industry. Q2B Validation of analytical procedures: methodology[END_REF][START_REF]Guidance for Industry[END_REF][START_REF]Commission decision of 12[END_REF][START_REF] Lindner | Requirements for initial assay validation and publication in J. Chromatography B[END_REF].

MRM ratios at validation samples near the LODs and LLOQs were all within the 30% tolerance levels compared to the calibration standards (Figure 1). Considering low whole blood volumes (50 µL), LLOQs and ULOQs of all the compounds of interest were suitable for BUP pharmacokinetic studies in the rat. ULOQs were near the highest calibration standard (i.e. 4,000 ng/mL) for each compound.

Trueness, precision and accuracy profiles

Trueness and precision are shown in Table 3. Trueness for all the studied compounds was within 85-115% of the theoretical value (LLOQ 80-120%). Precision was within +/-15% CV (LLOQ 20%) [START_REF]Guidance for industry. Q2B Validation of analytical procedures: methodology[END_REF][START_REF]Guidance for Industry[END_REF][START_REF]Commission decision of 12[END_REF][START_REF] Lindner | Requirements for initial assay validation and publication in J. Chromatography B[END_REF]. Regarding the calibration range, the obtained profiles were within the acceptance limits of +/-40% (50% for NLX-GLUC) proposed for toxicological analysis. The accuracy profiles of each compound are illustrated in Figure 2S in the Supplementary material.

Precipitation recovery and matrix effects

In the rat whole blood, precipitation recovery and matrix effect ranged between 91-109% and 48-101%, respectively (Table 4). For BUP, NBUP and NLX, the corresponding IS presented similar results. The ion suppression relative to BUP (evidenced by matrix effect of 58% (CV, 21%) was compensated by the addition of stable isotope-labeled analogues used as IS during the validation experiment (corrected matrix effect of 94% (CV, 11%)). Ion suppression of NBUP and NLX was reduced due to their deuterated analogues.

Determination of rat whole blood concentrations of BUP, NLX and their metabolites 24h after intravenous BUP/NLX administration

The developed LC-MS/MS method was used to investigate concentrations of BUP, NorBUP, NLX and their glucuronide metabolites, 24h after the intravenous administration of 30/7.5 mg/kg BUP/NLX in a Sprague Dawley rat. The concentrations obtained were the followings: 19.1 ng/ml of BUP, 15.3 ng/ml of NorBUP, 131 ng/ml of BUP-GLUC, 102 ng/ml of NorBUP-GLUC, 7.37 ng/ml of NLX and 25.7 ng/ml of NLX-GLUC. The chromatographic profiles of the different compounds are shown in Figure 2. When considering the large compendium of the French cases of BUP-attributed fatalities [START_REF] Kintz | Deaths involving buprenorphine: a compendium of French cases[END_REF], blood levels for BUP and norBUP ranged from 0.1 to 76 ng/ml and <0.1 to 65 ng/ml, respectively, supporting that 30 mg/kg BUP dosage in the rat was realistic to obtain concentrations in the range of those observed in humans in the presence of toxicity or fatality. Thus, our assay which successfully achieved to measure BUP, naloxone and their metabolites in the rat blood, seems reliable for BUP toxicity investigation in humans although we cannot rule out a lack of sensitivity for the measurement of blood concentrations from suspected drug users with expected lower values (mean values of 1.7 and 1.0 ng/g, respectively, for BUP and NorBUP [START_REF] Seldén | LC-MS-MS analysis of buprenorphine and norbuprenorphine in whole blood from suspected drug users[END_REF]).

Conclusions

We developed, fully validated and successfully used a sensitive and accurate LC-MS/MS method of simultaneous quantification of BUP, NLX and their metabolites in rat whole blood with extraction based on protein precipitation. The sample preparation and analytical conditions were optimized to increase sensitivity and limit analysis time and cost. This method is now available to investigate the mechanisms of BUP-related toxicity in rat studies allowing the conduction of complete

Figure legends

Fig. 1. Multiple reaction monitoring (MRM) chromatograms for each compound at a concentration between its limit of detection (LOD) and its lower limit of quantification (LLOQ) (quantifier transitions in blue and qualifier transitions in pink). Fig. 2. Chromatographic profile of a rat whole blood sample 24 hours after the intravenous administration of 30/7.5 mg/kg buprenorphine/naloxone combination. The obtained concentrations were the following: 19.1 ng/ml of buprenorphine, 15.3 ng/ml of norbuprenorphine, 131 ng/ml of buprenorphine-glucuronide, 102 ng/ml of norbuprenorphine-glucuronide, 7.37 ng/ml of naloxone and 25.7 ng/ml of naloxone-glucuronide. The exponent allow linking each compound to its internal standard used for quantification. LOD, limit of detection; LLOQ, lower limit of quantification; ULOQ, upper limit of quantification.

Table 3

Precision and trueness at each validation level (N=9 for each concentration). Values in italic represent non-validated data. 

Table 1

 1 Multiple Reaction Monitoring (MRM) transitions, cone voltage, collision energy and retention time of the different studied compounds and internal standards (italic data). The quantification transitions are underlined. Internal standards were used for each compounds.

		Retention	MRM		Collision
				Cone voltage	
		time	transitions		Energy
	Compounds	(min)	(m/z)	(eV)	(eV)
			468.2 -396.3	91	
	Buprenorphine 1	7.4			
			468.2 -468.2	91	
			414.2 -414.2	91	
	Norbuprenorphine 2	6.8			
			414.2 -83.2	91	
			645.1 -469.4	106	
	Buprenorphine-3-glucuronide 1	6.6			
			645.1 -645.4	106	
			590.4 -590.4	101	
	Norbuprenorphine-3-glucuronide 2	5.9			
			590.4 -414.4	101	
			328.2 -328.2	51	
	Naloxone 3	5.1			
			328.2 -310.2	51	
			504.2 -504.2	101	
	Naloxone-3-glucuronide 3	4.4			
			504.2 -414.4	101	
	Buprenorphine-d4 1	7.4	472.2 -400.2	91	
	Norbuprenorphine-d3 2	6.8	417.2 -165.0	91	
	Naloxone-d5 3	5.1	333.2 -315.1	51	

Table 2

 2 Regression model, range, limit of detection (LOD) and lower limit of quantification (LLOQ) for each studied compound. All ULOQs were near the highest calibration standard (i.e. 4,000 ng/mL). All R 2 were > 0.998.

		Regression model	Range	LOD	LLOQ
	Compounds		(ng/mL)	(ng/mL)	(ng/mL)
	Buprenorphine	1/x weighed quadratic	6.9-4000	1.4	6.9
	Norbuprenorphine	1/x 2 weighed quadratic	6.2-4000	0.5	6.2
	Buprenorphine-glucuronide	1/x weighed quadratic	3.6-4000	1.1	3.6
	Norbuprenorphine-glucuronide	1/x 2 weighed quadratic	3.3-4000	0.4	3.3
	Naloxone	1/x 2 weighed quadratic	1.3-4000	0.4	1.3
	Naloxone-glucuronide	log linear	57.7-4000	17.5	57.7

  LLOQ, lower limit of quantification; Rep, repeatability; IP, intermediate precision; CV, coefficient of variation; ND, not determined.

		3.9	7.7	96.2	6.1	6.8	107.1	7.5	7.6	103.2	9.8	13.7	97.0	7.0	7.4	106.5	11.9	14.9	105.6
	750	1.5	8.9	96.3	4.5	4.8	97.1	6.4	6.4	98.5	7.6	10.5	95.8	7.4	7.4	109.3	11.1	13.2	105.5
	1,500	1.7	6.5	95.6	3.7	3.7	91.6	5.2	6.2	96.4	2.7	2.9	99.4	4.7	6.0	110.0	5.3	12.9	102.0
	4,000	4.2	5.5	95.0	9.8	9.8	98.2	8.4	9.1	100.9	2.8	2.8	99.1	3.9	4.8	102.1	7.6	8.4	115.7
																			Trueness
																			(%)
		Rep	IP		Rep	IP		Rep	IP		Rep	IP		Rep	IP		Rep	IP	
	0.75	ND	ND	ND	15.3	125.5	30.7	9.5	20.5	118.6	ND	ND	ND	19.5	22.8	93.3	ND	ND	ND
	1.5	14.1	60.4	71.5	12.7	61.6	63.0	12.7	14.7	99.1	11.8	30.8	65.3	33.5	34.1	119.6	ND	ND	ND
	4.0	5.1	15.1	85.0	6.8	22.4	92.4	4.9	9.3	97.4	14.3	14.3	94.5	9.9	14.2	97.3	ND	ND	ND
	7.5	10.3	11.3	87.7	7.7	8.1	98.9	6.1	6.9	90.7	9.6	9.6	92.1	6.4	7.8	98.8	ND	ND	ND
	15	3.6	4.1	95.8	4.9	7.0	108.7	4.0	8.3	97.7	4.2	6.0	96.7	6.2	14.3	101.5	ND	ND	ND
	40	4.2	5.9	96.6	5.5	7.5	106.0	6.6	9.2	102.5	5.9	5.9	91.7	5.3	8.6	104.5	19.3	22.3	121.6
	75	3.5	4.3	91.6	2.9	7.6	104.7	6.7	8.8	99.6	6.9	8.2	93.4	5.7	8.4	102.7	9.0	9.0	114.1

pharmacokinetic studies. Assessment of our LC-MS/MS method in human whole blood should be of high interest to forensic medicine.
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Table 4

Precipitation recovery and matrix effects expressed as value above or below 100% (CV%) at intermediate concentrations (150 ng/mL) for each studied compound in rat whole blood and at fixed concentration (250 ng/mL) for the three internal standards.