Drug and metabolite profiling for selected psychoactive drugs in hair and saliva matrices by LC-ESI-MS/MS.

Bernadette Doherty, Virginia Rodriguez, Julian C. Leslie**,  Stephen McClean and W. Franklin Smyth*  

School of Biomedical Sciences, University of Ulster, Coleraine, BT52 1SA, 

   N.Ireland,  UK.

** School of Psychology, University of Ulster, Coleraine, BT52 1SA, N.Ireland, UK.

Keywords;

Drug and metabolite profiling, electrospray ionisation, ion trap mass spectrometry, risperidone, trimipramine sertraline, paroxetine, mirtazapine, metabolites, liquid chromatography-electrospray ionisation-ion trap mass spectrometry, hair analysis, saliva analysis.

* to whom correspondence should be addressed

Prof. W.F. Smyth

School of Biomedical Sciences

University of Ulster

Coleraine

N.Ireland  BT52 1SA

UK

Telephone
++ 44 (0)28 70 32 44 25

Fax

++ 44 (0)28 70 32 49 65

E-mail

wf.smyth@ulster.ac.uk

Abstract

An LC-ESI-MS/MS method has been investigated for drug and metabolite profiling of the selected psychoactive drugs trimipramine, risperidone, paroxetine, sertraline, mirtazapine in hair and saliva samples. Hair samples (105-200mg) were cut into small fragments (1mm length), washed with methanol and extracted using the Soxtec System. After the extraction process the solvent was evaporated and the extracts reconstituted in 500 (L of  20:80 (methanol/water) + 0.1% formic acid. These were then subjected to LC-ESI-MS/MS to give profiles for the five drugs and their major metabolites. Saliva samples (200 (L) were also obtained from volunteers being treated with risperidone, paroxetine and mirtazapine. To these were added 600(L acetonitrile. The precipitated proteins were spun down and the supernatants taken and evaporated under nitrogen to dryness. These were than made up to the original volume of 200(l prior to the application of LC-ESI-MS/MS to give profiles for these drugs and their major metabolites. The saliva study suggested that LC-ESI-MS/MS could be used as a rapid and relatively non-invasive technique for therapeutic drug monitoring since it provided recent histories of drug use and monitored the unbound drugs and their metabolites.  In addition, such drug and metabolite profiling in saliva and hair samples could provide useful information about drug compliance in both short and long terms respectively.
1. Introduction

Antidepressant and antipsychotic drugs are widely prescribed medications. People diagnosed with depression are at a high risk of suicide, which is the third leading cause of death among 15-24 year olds. 1, 2 In recent times particular concerns have been raised about suicide as a potential side effect of commonly prescribed antidepressants, namely the Selective Serotonin Reuptake Inhibitors (SSRIs).  It is thought that these drugs may increase the risk of suicidal thoughts and self-harm, in particular for those under the age of 19. 3, 4, 5  The Food and Drug Administration (FDA) has requested manufacturers of the following drugs, Prozac (fluoxetine), Zoloft (sertraline), Paxil (paroxetine), Celexa (citalopram), Effexor (venlafaxine), Remeron (mirtazapine), Lexapro (escitalopram) and Wellbutrin (bupropion) to include in their labelling a warning statement that describes the increased risk of suicide in patients given such antidepressants. Although the toxicity of SSRIs are relatively low when taken alone, they may interact with other co-administered antidepressant and antipsychotic drugs to cause increased toxicity or diminished efficacy.  In particular, concern has arisen over the ability of SSRIs to inhibit various CYP isozymes involved in drug metabolism. The FDA has requested that a CYP metabolism and inhibition profile for a particular drug be determined prior to its approval. 6, 7, 8 Active metabolites can also contribute to the overall therapeutic effect of certain SSRIs. Thus it is necessary to be able to identify and determine both parent compounds and their major active metabolites. 9, 10 

A few studies have appeared in the literature regarding the simultaneous analysis by Liquid Chromatography-Electrospray Ionisation-Mass Spectrometry (LC-ESI-MS) of some of these antidepressants and their metabolites, but these have generally involved the use of the less specific selected ion monitoring of the pseudo-molecular ions and the analyses have been directed towards biological fluids such as serum 11, 12, 13, plasma and whole blood. 14, 15 Drug determination in these samples only reflects recent drug usage as they are quickly eliminated from the body. It is for this reason that hair analysis has become the matrix of choice for long-term compliance analysis. Due to the accumulation and storage of drugs in hair, a larger time window for detection is obtained which can be of the order of six months for hair compared to days for blood, urine and saliva. In the last decade, however, only a limited number of studies have been performed on the analysis of antidepressant and antipsychotic drugs and their metabolites in hair using LC-ESI-MS. In addition, only a small number of individual drugs have been targeted in these studies. 16, 17, 18, 19, 20 Gas chromatography-mass spectrometry (GC-MS) has also been used for the determination of some antidepressant and anti-psychotic drugs in hair. 21, 22 The saliva matrix offers several advantages for drug detection over other matrices such as blood: (i) saliva indicates the current status of drug use; (ii) it can be collected non-invasively and under direct supervision; (iii) drug concentrations in oral fluids have been found to reflect drug concentrations in blood; (iv) for most drugs, concentrations in saliva reflect the unbound drug concentrations, which are usually pharmacologically active. 
Previous work by the authors 23 involved a study of the fragmentation patterns of selected SSRIs using ESI-MS and quadrupole-time-of-flight tandem mass spectrometry (QToF-MS/MS). This was carried out with a view to their simultaneous identification and quantification in mixtures at ng mL-1 concentrations. In the subsequent development of this analytical research programme, the analytical behaviour of some 26 selected psychoactive drugs was investigated.  This analytical chemical information on LC-ESI-MS, ion trap mass spectrometry (ESI-MSn), gas chromatography-flame ionisation detection (GLC-FID) and polarographic behaviour was then incorporated into a database for drug characterisation.  Application was found in the determination of selected drug compounds in hair samples.24 These studies followed on from earlier work which examined the ESI-MSn and ESI-QToF-MS/MS behaviour of selected hypnotic drugs and their metabolites. In addition, their LC-ESI-MSn behaviour was also studied with a view to the identification and quantitation of these drugs in mixtures at ng mL-1 concentrations and their determination in saliva to monitor illicit and licit drug use. 25 
The aim of this study is to further investigate the LC-ESI-MS/MS technique for simultaneous identification of selected antidepressant and anti-psychotic drugs, and  particularly their metabolites, in human hair samples. Such drug and metabolite profiling has rarely appeared in the literature. The drugs chosen for this study are trimipramine, risperidone, paroxetine, sertraline and mirtazapine. In addition, saliva is also examined as a matrix for the detection of these drugs and their metabolites as saliva has rarely been used to detect/monitor antidepressant use. 26 With the drug concentration in saliva reflecting the unbound and pharmacologically active drug concentration 27, 28, 29, saliva has been used for the detection of amphetamines, opiates, cocaine and its major metabolite, benzodiazepines and various other hypnotics using GC-MS and LC with fluorescence detection. 30, 31, 32 LC-ESI-MS has rarely been used for the detection of antidepressants and anti-psychotics in saliva and the compounds that have been detected in this matrix have included amphetamines and related designer drugs, cocaine, opiates, methadone, various hypnotics and nicotine.33, 34, 35, 36, 37, 38 

2. Experimental

2.1 Chemicals

Methanol, acetic acid and formic acid were obtained from BDH (Poole, Dorset, UK).  Antidepressant drug compounds were obtained from Alphapharm (Queensland, Australia), Gerard Laboratories (Dublin, Ireland), PPG-SIPSY (Avrille, France), H. Lundbeck A/S (Copenhagen, Denmark) and N.V.Organon (Oss, The Netherlands). Other psychoactive drugs were obtained from the Forensic Science Agency, Carrickfergus, Northern Ireland. Stock solutions of the drugs were prepared by dissolving an appropriate mass in methanol to provide a concentration of 1.0x10-3 mol L-1. 

2.1
ESI-MSn studies

MSn characterisation of the psychoactive drugs was achieved using a LCQ™  “Classic” quadrupole ion-trap mass spectrometer (Finnigan MAT, San Jose, California, USA) utilising electrospray ionisation (ESI).  1.0 x 10-5 mol L-1 solutions of the drugs in methanol were infused into the ESI probe at a rate of 10(L per minute.  The collision energy was kept at the instrument default value of 25% (arbitrary unit set by the software).  The sheath gas flow was set to 50 (arbitrary unit defined by the software) and the auxiliary gas to 5. Nitrogen gas for the LCQ™ was delivered from a Whatman nitrogen generator (Whatman Inc, Haverhill, MA, USA), while the helium damping gas present in the ion-trap was obtained from BOC Gases (Guildford, Surrey, UK).  The capillary temperature was set to 250oC and the spray voltage to 4.5kV for the MSn studies.  For MSn characterisation of the compounds the most intense peak in the mass spectrum i.e. [M+H]+, was chosen for MS2 analysis, providing first generation product ions in this mode. The most intense peak from MS2 analysis could then be used for further characterisation at later MSn stages. 

QToF-MS was carried out with a Micromass Q-Tof Ultima API mass spectrometer ( Micromass UK Ltd, Floats Road, Manchester M23 9LZ)  .  10-6 mol l-1 solutions of the drugs in methanol also containing 1% formic acid were directly infused into the ESI probe at 2 (l min-1 .  The spray voltage was set to 3.5kV with the source temperature at 1000C. Argon was used as the collision gas with 10eV collision energy used in the MS mode and 20-40 eV energy used in the MS/MS mode.  Signals of at least 10% abundance that are  reproducible are reported in this paper. The ToF analyser  was calibrated with Glu-fibrinopeptide (Sigma) MS/MS product ions and adenosine, with lock mass of 268.1040, being used as an internal standard for each sample. The lock mass at m/z 268.1040 is the calculated accurate mass value for the [M+H]+ ion of adenosine.  The resolution of the spectrometer was ca 10,000 for the [M+H]+ ions of  the drug compounds. This resolution was calculated by dividing the m/z value for the compound by the FWHM (full width at half maxima) value. 

2.2
LC-ESI-MS studies
LC-ESI-MS was carried out using a Luna 5 μm C18 column (150 x 4.6mm). A gradient mobile phase was used with solvent A being 20/80 v/v (methanol/water) + 0.1 % formic acid and solvent B being 90/10 v/v (methanol/water) + 0.1 % formic acid. The gradient went from 100 % A to 100 % B over 25 min at a flow rate of 0.5 mL min-1. Injections of the drugs were made at a concentration of 10-5 mol L-1 with an injection volume of 25 μL.   Experiments were conducted at room temperature.

2.3 Analysis of the drugs and their metabolites  in human hair samples.
The drug compounds were firstly extracted from the hair matrix using automated Soxhlet extraction [Tecator Soxtec System HT12 with a 1046 Soxtec Service unit (Tecator, Hoganas, Sweden)]. Samples of hair weighing 200 mg, 200 mg and 105 mg respectively were obtained from volunteers being treated with sertraline (50 mg per day) and risperidone (2.5 mg per day), paroxetine (30 mg per day) and mirtazapine (45 mg per day), although the exact durations of the treatments were not known.  In addition, a sample of hair weighing 1g was obtained from a volunteer being treated with trimipramine (100 mg per day). These samples were washed by five consecutive washes with 5mL of methanol to remove exogenous compounds. After being dried such a sample was cut into approximately 1 mm lengths and transferred into a thimble compatible with the Soxtec extraction system. 50 mL of methanol was used for the extraction and the temperature control was set to 130 (C. Tap water was supplied to the condenser at an appropriate rate of 2 L min-1. The sample was boiled for 1.5 hours with the thimble in contact with the solvent after which the thimble was raised to the rinsing position for one hour during which time the solvent dropped through the sample from the condenser. After the extraction process the solvent was evaporated to dryness and reconstituted in 500 (L of LC solvent A. The sample was then subjected to LC-ESI-MS/MS analysis, 20 (L being injected each time. Prior to analysis of the hair samples, the injection system was washed with methanol and the column equilibrated with mobile phase to ensure that the system was free from all traces of drugs from previous analyses. 

2.4 Analysis of the drugs and their metabolites  in saliva samples.
200(L saliva samples were obtained from volunteers being treated with sertraline (50 mg per day) and risperidone (2.5 mg per day), paroxetine (30 mg per day) and mirtazapine (45 mg per day). To this was added 600(L acetonitrile. The precipitated proteins were spun down and the supernatant taken and evaporated under nitrogen to dryness. This was then made up to the original volume of 200 (l prior to the application of LC-ESI-MS/MS. 

3. Results and Discussion

The MSn characterisation of sertraline, risperidone, paroxetine, trimipramine, mirtazapine and their major metabolites are given in Table 1. 

3.1 Risperidone and 9-hydroxy-risperidone ( 9-OH-risperidone)

Risperidone gave its [M+H]+ ion at m/z 411.4 with some in-source fragmentation on application of ESI-MS. MS2 of this ion gave a signal at m/z 191.2 resulting from charge site initiated fragmentation of the C-N bond involving the piperidine N-atom, initial formation of an unstable carbonium ion followed by formation of a terminal -CH=CH2 double bond. This postulation has been supported by QTOF-MS/MS data which assigned a formula of C11H15N2O to a signal at m/z 191.1180. These observations show that the unsaturated heterocyclic entities, (ie., those of benzisoxazole and pyrimidine ) are resistant to fragmentation and it is the relatively weak piperidine C-N bond (bond energy 293 kJ mol-1)  that is fragmented using MSn  rather than double bonds in the heterocycles such as C=N (bond energy 615 kJ mol-1), C=C (bond energy 614 kJ  mol-1 ) and C=O ( bond energy 799 kJ mol-1).

The major pathway of biotransformation of risperidone is hydroxylation at the 9’ position of the pyrido-pyrimidone ring to 9-OH-risperidone 37, 40 which is mediated by the liver enzyme, CYP2D6 39. Consequently, for 9-OH-risperidone, the m/z value of 427 corresponded to its molecular ion and fragmentation occurred again at the relatively weak piperidine C-N bond which resulted in a fragment ion with an m/z value of 207 as illustrated in Fig 1. LC-ESI-MS/MS chromatograms of risperidone and 9-OH risperidone extracted from a hair sample showed well defined peaks at 12.07 and 11.51 min respectively.  Risperidone and 9-OH- risperidone were also readily identified in an extracted saliva sample (Fig. 2). 
3.2  Sertraline and N-desmethyl sertraline

Sertraline gives a signal corresponding to the molecular ion at m/z 306.0 with an isotope signal at m/z 308.0 corresponding to the two chlorine atoms in the sertraline structure on application of ESI-MS. In addition, in-source fragmentation is observed with signals at m/z 275.1 and 159.2. Both these product ions show the presence of two chlorine atoms by virtue of isotope clusters.  Application of MS2  results in a main ion at m/z 275.0 and MS3 of this ion gives a signal at m/z 159.2. The m/z 275.0 signal would be expected to be due to the loss of CH3NH2  from the [M+H]+ ion. A product ion at m/z 158.9765 gives an elemental analysis of C7H5Cl2 on application of QTOF-ESI-MS/MS which suggests loss of the non-chlorinated ring system for the ion observed by ESI-MSn at m/z 159.2. 

LC-ESI-MS/MS chromatograms of sertraline and N-desmethyl sertraline  obtained from an extracted hair sample show well defined peaks at 17.09 and 4.58 min respectively. N-desmethylsertraline, the major metabolite of sertraline, was detected using the transition (m/z 292→159) 41. The m/z 159 signal is most likely to involve retention of the chlorinated ring system and be due to C7H5Cl2 as was observed for sertraline. 

3.3 Paroxetine and (3S,4R)-4- (4-fluorophenyl)-3-(4-hydroxy-3-methoxyphenoxymethyl)piperidine [metabolite II], (3S, 4R)-4-(4-fluorophenyl)-3-(3-hydroxy-4-methoxyphenoxymethyl)piperidine  [metabolite I]
Paroxetine gives a signal corresponding to the molecular ion at m/z 330.3 on application of ESI-MS with application of MS2 resulting in a main signal at m/z 192.2. QTOF-ESI-MS/MS gives signals at m/z 330.1505 and 192.1195 with the resulting elemental analysis for these signals  supporting fission of the C-O bond as shown in Fig 3.  Paroxetine metabolism42-44 involves demethylation to  a catechol intermediate which is then O-methylated at position 3 or 4 to give (3S,4R)-4- (4-fluorophenyl)-3-(4-hydroxy-3-methoxyphenoxymethyl)piperidine [metabolite II] and (3S, 4R)-4-(4-fluorophenyl)-3-(3-hydroxy-4-methoxyphenoxymethyl)piperidine [metabolite I] (Fig.3). Paroxetine (16.36 min) and its metabolites I and II (which coelute at 16.32 min) were then readily detected in an extracted hair sample using the transition of m/z 332→192 for the paroxetine metabolites as illustrated in Fig 3. Paroxetine and its metabolites were also identified in an extracted saliva sample. Segura et al.45 have described the synthesis of the major metabolites of paroxetine 45 and determined paroxetine and its metabolite in plasma using 

HPLC-MS 46. 

3.4  Trimipramine, desmethyltrimipramine, 2-hydroxy-trimipramine and 2-hydroxy-desmethyltrimipramine.

Fig. 4 shows the LC-ESI-MS/MS chromatograms of trimipramine and its metabolites obtained from an extracted hair sample. Hydroxylation and desmethylation are the two major pathways of the biotransformation of trimipramine in humans. Trimipramine has three main metabolites, desmethyltrimipramine, 2-hydroxy-trimipramine and 2-hydroxy-desmethyltrimipramine, all of which are chiral compounds with an asymmetric centre in the side chain47. On application of ESI-MS, trimipramine, with an m/z value of 295 corresponding to its molecular ion, lost its N-containing side chain with formation of a C=C bond to give a fragment ion with an m/z value of 100 (Fig. 5). N-desmethyltrimipramine, the major metabolite of trimipramine was also detected (m/z 281→86) and involved the same fragmentation pattern. These results agree with the findings of Kirchherr & Kuhn-Velten 48 who investigated such mass transitions of trimipramine and N-desmethyltrimipramine standard solutions using HPLC-MS/MS. In addition, Couper et al 49 similarly detected trimipramine and desmethyltrimipramine in post-mortem human scalp hair. For 2-hydroxy-trimipramine and 2-hydroxy-desmethyltrimipramine, the m/z values of 311 and 297 corresponded to their [M+H]+ ions respectively and both fragmented again to give  N-containing side chains with  m/z values of 100 and 86 respectively (Fig. 5).

3.5 Mirtazapine and 8-hydroxy-desmethyl-mirtazapine, desmethyl-mirtazapine.

Mirtazapine gives a signal corresponding to the molecular ion at m/z 266.2 on application of ESI-MS. Application of MS2 resulted in a main signal at m/z 195.2. QTOF-MS/MS gave signals at m/z 266.1657 and 195.0924 and the resulting elemental analysis for these signals supported the following fragmentation for ESI-MSn of mirtazapine. The saturated heterocyclic ring is the site of these fragmentations with the 195.2 signal corresponding to loss of the neutral molecule CH2=CHN(CH3)2. 

Demethylation and oxidation are the two main metabolic pathways involved in mirtazapine biotransformation with N-desmethylmirtazapine (DM-MIR) and 8-hydroxymirtazapine (8-OH-DM-MIR) being the most abundant metabolites 50, 51.

The transition m/z 268→211 was used to detect the mirtazapine metabolite, 8-OH-DM-MIR with the m/z 211 signal being due to the loss of  C3H7N from the parent ion (m/z 268). For desmethylmirtazapine (DM-MIR) the m/z 195 signal at MS2 is again due to the loss of  C3H7N from the molecular ion of the metabolite (m/z 252). 

Mirtazapine and 8-OH-DM-MIR were profiled in an extracted hair sample (Fig.6) whereas mirtazapine and DM-MIR appeared in an extracted saliva sample as shown in Fig. 7. Wenzel et al. 52 have confirmed the presence of such metabolites in body fluids using LC-MS/MS.

4. Conclusions

It is concluded that Soxtec extraction combined with the LC-ESI-MS/MS technique is particularly useful for drug and metabolite profiling of the selected psychoactive drugs trimipramine, risperidone, paroxetine, sertraline, mirtazapine in hair and saliva samples. The saliva study suggested that LC-ESI-MS/MS could be used as a rapid and relatively non-invasive technique for therapeutic drug monitoring since it provided recent histories of drug use and monitored the unbound drugs and their metabolites . 

In addition, such drug and metabolite profiling in saliva and hair samples could provide useful information about drug compliance in both short and long terms respectively.
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	Drug
	Molecular

Mass
	  [M+H]+

      m/z
	      MS2

         m/z
	 Collision Energy (%)

	Paroxetine
	329
	330
	192
	37

	Metabolites I and II of paroxetine
	      331
	332
	192
	36

	Sertraline
	305
	306
	275
	35

	Desmethyl

Sertraline
	291
	292
	159
	30

	Risperidone
	410
	411
	191
	30

	9-Hydroxy

risperidone
	426
	427
	207
	25

	Trimipramine
	294
	295
	100
	35

	Desmethyl

trimipramine
	280
	281
	86
	37

	2-Hydroxy

trimipramine
	310
	311
	100
	37

	2-Hydroxy-

desmethyl- trimipramine
	296
	297
	86
	37

	Mirtazapine
	265
	266
	195
	37

	8-Hydroxy-desmethyl-mirtazapine
	267
	268
	211
	25

	Desmethyl-mirtazapine
	251
	252
	195
	37


Table 1. MSn  characterisation data for the psychoactive drugs 
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Fig 1 MSn fragmentation patterns for risperidone and 9-OH-risperidone
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Fig 2. LC-ESI-MS/MS chromatograms of risperidone and its major metabolite, 9-OH- risperidone obtained from an extracted saliva sample. The m/z transition 411 to 191 was used for risperidone and the m/z transition 427 to 207 was used for 9-OH- risperidone.
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Figure 3  MSn fragmentation patterns for paroxetine and its metabolites I and II.
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Fig. 4. LC-ESI-MS/MS chromatograms of trimipramine and its major metabolites obtained from an extracted hair sample. The following m/z transitions applied. Trimipramine 295 to 100 ; 2-OH trimipramine 311 to 100; 2-OH desmethyltrimipramine 297 to 86; desmethyltrimipramine 281 to 86 .

Fig 5 Fragmentation characteristics of trimipramine and metabolites (next page)
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Fig. 6. LC-ESI-MS/MS chromatograms of mirtazapine and one of its major metabolites obtained from an extracted hair sample. The m/z transition for mirtazapine was 266 to 195 and for 8-OH mirtazapine 268 to 211.
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Fig. 7. LC-ESI-MS/MS chromatograms of mirtazapine and one of its major metabolites obtained from an extracted saliva sample. The m/z transition for mirtazapine was 266 to 195 and for desmethylmirtazapine 252 to 195.
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