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ABSTRACT

The potential of high resolution mass spectroméHiRMS) for the investigation of humaim vivo
metabolism of 3,4-methylenedioxypyrovalerone (MDRM)ng urine collected from a consumer (this is,
in non-controlled experiments) has been investijads a control sample was not available, the commo
approach based on the comparison of a control/btamkple and samples collected after drug intake
could not be used. Alternatively, an investigatimsed on common fragmentation pathways was applied,
assuming that most metabolites share some fragmaéthtshe parent drug. An extension of this apptoac
was also applied based on the fragmentation patloivétyose metabolites identified in urine samples i
the first step. The use of MSxperiments (sequential acquisition of mass speatrlow and high
collision energy) has been crucial to this aimteslowed promoting fragmentation in the collisioall
without any previous precursor ion selection. MDB¥longs to the group of new psychoactive
substances (NPS), being known as the “cannibal’ditys substance is being more and more abused
and associated with dangerous side effects. Theahumetabolites (both phase | and phase Il) were
detected and tentatively identified by accuratesn&dl-spectrum measurements using ultra-high
performance liquid chromatography coupled to hyhgichdrupole time of flight mass spectrometry
(UHPLC-QTOF MS). Following this strategy, up to Yhase | metabolites, together with some
glucuronides and sulphates, were detected andtitentgtructures were proposed. Several compounds

identified in this work have not been previouslpaged in the literature.

Keywords: new psychoactive substances, 3,4-methylenedioxypiemone, metabolism, urine, liquid

chromatography, time-of-flight mass spectrometry.



1. INTRODUCTION

The recreational drug market has changed notablyegent years to incorporate a range of new
psychoactive substances (NPS), collectively known“lagal highs” or “designer drugs”. These are
chemical analogues of illegally abused substanegsally devised to circumvent drug laws. Different
reports have concluded that studies should be eaged on the metabolism of NPS, as the unchanged
forms may only be present in a low amount in huraene due to extensive metabolism [1-2]. That
research would also help to select the most reptathee analytes for wastewater analysis in order t

estimate the drug use, a recent approach knoweveege-based epidemiology [3].

Most metabolism studies are carried out under ofiatt conditions, and therefore both control/blank
samples and samples collected after drug intakeva#able. This facilitates the comparison of tteil-
spectrum acquisition MS data using commercial s$p¥chromatographic comparative software.
However, in some cases, such as the investigagjported in this paper, no control sample is avélals

the urine is collected from real consumers of NPS.

In this work, urine from a 35 year-old man who seljorted to have taken 3,4-
methylenedioxypyrovalerone (MDPV) (see structur€igure 1) was collected. MDPV is an analogue of
pyrovalerone, a psycho stimulant that was usedett tethargy and chronic fatigue in the 1970s,vias
later withdrawn from the market because of problemith abuse and dependency [4-5]. In internet
forums, MDPV is reported by users to be a potegtips stimulant and psychedelic drug that is more
active than methylphenidate when a mean dose ofid (s used intranasal, oral or rectal administratio

Different episodes of cannibalism have been regergsociated to the consumption of this drug [6-7].

Ultra-high performance liquid chromatography codpte high resolution mass spectrometry (UHPLC-
HRMS), specifically using a hybrid quadrupole-timiflight mass spectrometry (QTOF MS), has been
used in this work for the investigation of humarvivo metabolites of this NPS in urine samples. The fact
that no control sample was available complicatedstindy, and therefore an alternative strategyedas
common fragmentation pathway, was applied. This@ggh presumes a common fragmentation pathway
for metabolites and the parent drug. Assuming thast metabolites share the same fragmentation
pathway with the parent drug, specific narrow-wiwdextracted ion chromatograms (nw-XICs) at the
expected exact-masg’z fragments were obtained from high-energy full-¢pena TOF MS acquisitions.

The occurrence of chromatographic peaks at difteretention times than the parent drug alerts the



investigator on the presence of potential drug bwdites. In this work, an extension of this apptoaas
been applied, based not only on the fragmentatathvay of parent drug but also on that of the
previously identified metabolites in the urine sden8-9].

The use of M5 experiments (sequential acquisition of accuratssmdata at low and high collision
energy) was of great importance to ensure the ssogkthis strategy, as it allows the fragmentatbn
compounds in the collision cell without any presoprecursor ion selection. By applying low energy
(LE), fragmentation is minimized and the informatiobtained normally corresponds to the parent
molecule (commonly the (de)protonated molecule, dlsb adducts in some cases). However, at high
energy (HE), fragmentation of the molecule is faeal) which is of much help in the elucidation psxe
So, both (de)protonated molecule and fragment &ta dre available in a single acquisition withd t
need of selecting the precursor ion [10-11]. Theulteng metabolites (both Phase | and Phase Ilewer

detected and tentatively identified by accuratesiali-spectrum measurements.

Some MDPV metabolites, elucidated duringyitro incubations with human liver microsomes [12-13]
and administration studies in rats’ urine [12] hkeen afterwards detected in human urine [12]. This
approach allows for the detection of a broad rafgaetabolites being either common metabolites
between rats and humans or metabolites producédiign liver microsomes. In both methods, the
resulting metabolites were analysed using gas chtmgnaphy/mass spectrometry as trimethylsilyl
derivatives. The structure of the metabolites wahér confirmed by accurate mass measurement asing
LC-HR MS. In the last few years, some of the melitgmidentified in the previous works [12-13] have
been detected in human and rat plasma [14] oriive wf a patient who self-reported to have injected
some doses of MDPV [15] by LC-HRMS(/MS). Paul efi#] developed a LC-HRMS-QTOF method

for the screening and semi-quantification of 62 poands (including MDPV) in urine. Moreover, they

identified a new hydrogenated metabolite of MDPV.

However, some specific human metabolites not preduxy liver microsomes might remain unnoticed.
Thus studies devoted to the direct study of metmin human urine are needed. Finally, Mardallet
[1] tentatively identified 12 microbial biotransfoation products after incubation of MDPV in
wastewater for 10 days. No additional MDPV biotfan®ation products could be found after incubating

in rat urine and faeces samples.



2. MATERIALS AND METHODS

2.1. Reagents and chemicals

MDPV reference standard was acquired from Caymaent@tals (Michigan, USA). HPLC-grade
methanol (MeOH), acetonitrile (ACN), formic acid Q@OH) (>98%) and sodium hydroxide (>99%)
were purchased from ScharLab (Barcelona, Spalmgucine encephalin arfgtglucuronidase type HP-2
from Helix pomatia (=100,000 units/mL, containing als@,500 units/mL sulfatase) were purchased from
Sigma Aldrich (St. Louis, MO, USA). HPLC-grade wat®as obtained from deionized water passed

through a Milli-Q water purification system (Millipe, Bedford, MA, USA).

2.2. Instrumentation

An Acquity ultra-performance liquid chromatograptiyPLC) system (Waters, Milford, MA, USA) was
interfaced to a QTOF mass spectrometer (QTOF XeXod/@ters Micromass, Manchester, UK) using an
orthogonal Z-spray electrospray interface. The ke@asation was performed using Acquity UPLC BEH
C18 1.7 um particle size analytical column of 100.X mm (from Waters), at a flow rate of 0.3 mL/min.
The mobile phases used were ACHand B MeOH, both with 0.01% (v/v) HCOOH. The podjon of
MeOH was linearly increased as follows: 0 min, 1%nin, 90%; 16 min, 90%; 16.01 min, 10% and 18
min, 10%. The injection volume was 24.. Nitrogen (Praxair, Valencia, Spain) was usedath the
desolvation gas and the nebulising gas. The gasréitawvas set at 1000 L/h. The resolution of thé&=TO
mass spectrometer was approximately 20,000 atwidith half maximum atm/z 556. MS data were
acquired over avzrange of 50-1000 in a scan time of 0.4 s. The M€tector potential was skt 3700

V. Capillary voltages of 0.7 kV and -2.0 kV were used in pusitand negative ionization modes,
respectively. A cone voltage of 15 V was appliede Tollision gas was argon (99.995%, Praxair). The
interface temperature was set to 600 °C and theesdamperature to 130 °C. The column temperature

was set to 40°C and the samples to 5°C.

For MS experiments, two acquisition functions with diffat collision energies were created: the LE
function with collision energy of 4 eV, and the ction with a collision energy ramp ranging frdm

to 30 eV.

MS/MS experiments were also performed, using a smitage of 15 V and collision energies of 10, 15
and 20 eV. For phase Il metabolites, and in thaseg in which a single abundant product ion was
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obtained, a pseudo-M®xperiment was performed by selecting as precuespthe dominant in-source
generated fragment at higher cone voltage (30 V) aquiring the product ion scan of this in-source

fragment.

Calibration of the mass-axis from/z 50 to 1000 was conducted daily with a 1:1 mixtafe0.05M

NaOH/5% (v/v) HCOOH diluted (1:25) with water/ACIRQ:80 v/v).

For automated accurate mass measurement, the poak-probe was employed, pumping leucine
enkephalin (10 mg/L) in ACN/water (50/50) at 0.1%®OH, at 20 uL/min through the lock-spray
needle. The leucine enkephalin [M+Hdn (m/z 556.2771) for positive ionization mode, and [M-kfn

(m/z 554.2615) for negative ionization, were used fratibrating the mass axis and to ensure a robust

accurate mass measurement over time.

The data station operating software was MassLynsiae 4.1 (Waters).

2.3 Samples

The patient was a 35-year old male, who was remgitreatment (valproic acid, paliperidone and
amisulpride) since 2008 at Addictions TreatmenttUmiValencia (Spain). He has a history of cocaine-
related disorder and substance-induced psychoses. y@ar ago, the patient replaced cocaine for
consumption of legal highs (MDPV) acquired in a enshop. Recently, he developed a manic episode
and required hospitalization at a dual disordet imnCastellon (Spain). After detoxification frolagal
highs, negative psychoses symptomatology persi3tee.diagnosis was then changed from substance-
induced psychoses to schizoaffective disorder.tR®@metabolism study, urine sample from this patien
with MDPV-related disorder was collected in a $éebiottle during hospitalization, which was stostd-

18 °C until analysis. The study protocol was apptbly the local ethical committee (Ref: DG NRI6 14-

24-10). The patient gave informed consent to tloeguiure.

For the determination of phase | metabolites, 1ahtentrifuged urine was buffered with 50 pL acetic
acid/ammonium acetate (pH 5.5). After being hydzely overnight with 2000 units §fD-glucuronidase
(also containing sulfatase) at 37 °C [17], 50 plthaf hydrolyzed mixture were injected in the LC-(H O

MS system.



For direct determination of phase Il metabolitesnll of urine previously centrifuged (12,000 r.p.i10,
minutes), was two-fold diluted with Milli-Q wateAfter that, 50 uL were directly injected in the LC-
QTOF MS system.

Additionally, the consumed legal high was also gredl. For this purpose, 0.2 gr of the powder were
extracted with acetone using ultrasounds. Aftet,tli®e extract was 100-fold diluted with water and

directly injected in the system.

2.4 Data processing

Acquisitions were performed in centroid, in bottsipee and negative ionisation mode. For all
compounds detected, the accurate mass of protddaprdtonated molecules was determined on the
basis of averaged spectra obtained in the LE suseap. Then, possible elemental compositions were
calculated using the MassLynx elemental compositialculator with a maximum deviation of 2 mDa
from the measured accurate mass. The maximum anidnmin parameters were restricted considering
the elemental composition and structure of MDPVifigNOs) and the possibility of phase I
metabolism, such as glucuronidation or sulphata@@nfollows: C 0-25, H 0-40, N 0-4, O 0-10 and S
0-1. The applied double-bond equivalent filter wat between —0.5 and 50. To calculate the elemental
composition of product ions, parameters settingeewestricted as a function of the calculated elgale
composition of the (de)protonated molecule, white heutral losses no restrictions were applied.
Additionally, the option “even-electrons ions onlwas selected for the precursor ion, and “odd- and

even-electrons ions” for the product ions.



3. RESULTS AND DISCUSSION

3.1. Mass spectrometric behaviour of MDPV

Initially, an in-depth study of both the ionizatiamd the fragmentation behavior of the parent dsug
essential to obtain the origin and the structurdrimation related with each valuable product Doe to
the absence of acidic moieties, MDPV only showeniziation in positive mode with a prominent [M+H]
atm/z 276.1590. Product ion scan experiments for MDP&pced a rich spectrum providing abundant

structural informationKigure 1).

Product ions could be classified based on the tstraicinformation provided. Thus, the ions atz
126.1277 andn/z 84.0810 together with the neutral loss of 71.00&1(GHgN; ion atm/z 205.0859)
were indicative of the pyrrolidine function. Theutigal loss of 43.0543 Da ¢8-; ion atm/z 233.1047)
corresponded to the loss of the propyl chain. Addélly, the ions at/z 149.0233,m/z 135.0440 and
m/z 121.0293 indicated the presence of the methylemgdiroup coupled to the catechol moiety. Finally,
the abundant ion atVz 175.0753 was explained after the loss of both pydine and methylendioxy

groups and, therefore this ion can be associatddtihé skeleton of the MDPV.

3.2. Analytical strategy for detecting MDPV metabdtes without control sample

The detection of MDPV metabolites was performediassg that MDPV and metabolites share a
common fragmentation pathway. Thus, MDPV metab®hteuld share some fragments with the parent
drug at the HE function. Therefore, MDPV metabalitan be detected by extracting thie of the

MDPYV product ions from the total ion current (TI€)romatogram of the HE function. In our case, 8 nw-
XICs (0.02 Da mass window) corresponding tortiteof the main MDPV product ions were extracted

from the TIC of the HE function in the hydrolyzedne sample.

Every chromatographic peak with a retention tinféedent than the parent drug was treated as a palten
metabolite. The combined spectrum at the sametietetime in the LE function allowed for establisbi
the accurate mass of the potential metahdtitgure S.1 in Electronic supplementary Materialshows
the XICs for the 10 phase | metabolites detectethis work, the mass accuracy obtained providdg on
one feasible formula for each metabolite considgtive established mass error (2 mDa), except for
metabolite M5, which provided two possibilities.ermost coherent formula was found to be the one

with lower mass deviation and was selected as ratsleéormula for the metabolite.



Table 1shows a summary of the detection of MDPV metabslity using common fragments extracted
from the HE function. Some of the selected iong. @z 149.0232m/z 135.0440) allowed for the
detection of only one metabolite (M5) whereas thtiéierent metabolites were detected by the salacti
of the ion atm/z 175.0752 (corresponding to the MDPV skeleton).yQiné extraction of the ion at'z

233.1047 did not reveal any metabolite.

Figure 2 shows the iterative workflow followed. No visibjpeaks were observed in the TIC of the
hydrolised urineKig 2a). After applying the explained strategy performthg nw-XIC atn/z 175.0752

in the HE function FFig 2b) three chromatographic peaks were observed, goneléng to MDPV (at 5.5
min) but also to two possible metabolites (M1 a@52and M2 at 4.55 min). The HE spectra of both peak
were extractedFig 2c) as well as the LE spectrgig 2d), in order to known the accurate mass of both
metabolites. When the nw-XIC was performedn& 278 in the LE functionKig 2e,bottom), an

additional chromatographic peak was observed &t i, surely related with a new metabolite isomeri

to M2 but not sharing the fragmentrafz 175. In fact, this peak corresponds to M8.

However, the use of common fragmentation pathwathaumlogy presents some limitations when the
metabolic reactions suffered by the parent drufy 8fe nvVz values of the product ions of the metabolite.
This fact can be even more important when thesgtioee alter the fragmentation pathway. An
alternative to circumvent this drawback is to parf@an iterative approach extracting also additional
fragment ions from previously detected metabolitdgrefore, this approach assumes that a metabolite
can share more structural characteristics withratietabolites than with its own parent drug. Thasw
the case of M4 which exhibited a product ioméz 98.0602 absent in the product ion spectrum of the
parent molecule. Thus, a new nw-XIC at tmiz was performed from the TIC acquired by high energy
CID-TOF MS. This allowed the detection of M3, M6daM 7, that otherwise would have been lost (see

Table 1).

The application of the proposed strategy, basegcguisition in UHPLC-QTOF MS in MSmode and
posterior data processing based on common fragtr@en{@athway, to the hydrolyzed extract of the arin
collected from a patient with MDPV-related disordéiowed for the detection of the parent drug add 1

phase | metabolites.

3.3. MDPV phase | metabolites



The accurate mass of each detected metabolitetudied in order to determine its molecular formula.
The ionization of the metabolite in negative ioti@a mode was shown as indicative of the presefice o
acidic moieties (carboxylic or phenolic groupshadly, QTOF MS/MS experiments were performed and
the results compared with the behaviour of MDPVsd&hon all this information, a putative structwe f

each metabolite was established.

Metabolite M1

M1 showed a [M+HJatmvz 264.1593 which corresponds tes8,,NO; (Table 2), i.e. a carbon atom less
than MDPV. The product ion scan in positive motlekle 3andsee Figure S.2 in Electronic
Supplementary Material) was similar to the one obtained for MDPV. Thesarece of the ions av/z
126.1278m/z 84.0809 and the neutral loss of 71.0732 Da (ionafl93.0861) indicated an unaltered
pyrrolidine ring. The neutral loss of 43.0546 Dan(atm/z221.1047) also indicated that the propyl chain
was not modified in M1. On the other hand, the iatt/z 123.0440 andvz 137.0235 would correspond
to the ions at/z 135.0440 andvz 149.0232 of MDPV, indicating that the loss of ttabon atom was
produced in the catechol moiety. M1 also showeéaiion in negative modé able 2) suggesting the
presence of an acidic centre like a phenol. Basethi@se datdl-(3,4-dihydroxyphenyl)-2-(1-

pyrrolidinyl)pentan-1-one was proposed as the structure for M1.

Metabolite M2

M2 showed a [M+HJatmyz 278.1747 (GH..NOs) which accounts for two hydrogen more than MDPV.
Similarly to M1, M2 showed the ions &z 126.1277 andvz 84.0809 and the neutral losses of 71.0732
Da and 43.0544 Darable 3andFigure S.3 in Electronic Supplementary Materia), indicating that

both the propyl and the pyrrolidine functions rensal unaltered in M2. The ionsraz 137.0597 andn/z
151.0388 suggested a modification in the catecluéty. The ionization in negative ionization mode o

M2 (Table 2) was indicative of the presence of a phenolic fianc

The methylation of M1 via Catechol-O-Methyl Transfee (COMT) seems to be the metabolic pathway
involved in the formation of M2. Since COMT showgference for 3-methylation against 4-methylation
[18], 1-(4-hydroxy-3-methoxyphenyl)-2-(1-pyrrolidinyl)pentan-1-onewas proposed as the structure
for M2.
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Metabolite M3

Although nominally M3 and M2 are isobaric (moleautaass 277), accurate mass measurements
revealed that their molecular formula significardiffered (GgH23NOs for M2 vs GsH1gNO, for M3).

Based on its formula, M3 involved demethylation axdlation.

The product ion spectrdéble 3 andFigure S.4 in Electronic Supplementary Materia) showed the
ions atm/z 193.0861, 175.0752, 137.0236 and 123.0440 whielt@ammon to those observed for M1.
Similar to M1, the occurrence of these ions suggksitat demethylation took place in the catechol
moiety. This hypothesis was supported by the faat M3 also exhibited a [M-H]n negative ionization
mode {Table 2). On the other hand, the ions involving the pydiol ring (M/z 126.1277m/z 84.0810 and
neutral loss of 71.0721 Da in the parent drug) @ioed all now an extra oxygen atom and were moved
14 Da in M3 (n/z 140.10691/z 98.0601 and neutral loss of 85.0528 Da) indicasingxidation in this
moiety. Thereforel-(3,4-dihydroxyphenyl)-2-(1-pyrrolidonyl)pentan-1-onewas proposed as the

structure for M3.

Metabolite M4

M4 showed ionization in both positive and negativedes Table 2) both corresponding to a molecular

formula of GgH»NOs i.e. M4 differs two oxygen atoms from MDPV.

The product ion spectrum of M&igure 3) showed a larger number of abundant ions thaotiecfor
MDPV (Figure 1). Among them, the ions a¥/z 149.0232 andvz 135.0443 indicated that the acetal
moiety in the catechol remained unaltered in M4difidnally, the ion atr/z 205.0873 suggested that all
structural changes were focused on the pyrrolidig r.e. both oxygen atoms were added into thisetyoi
The ions atr/z 140.1071 andvz 98.0602 were common to the ones observed in M3highwan
oxydation in the pyrrolidine ring was postulatedodrict ion spectrum for M4 also showed ions
indicating an extra molecule of water in this r{imgz 158.1177 and the neutral loss of 103.0621 Da in
contrast with the neutral loss of 85.0528 Da shoindd3). All this information taken together allode
for proposingl-(3,4-methylenedioxyphenyl)-2-(1-succinamic acidgmtan-1-oneas the structure for
M4. The oxydative opening of the pyrrolidin ringeses to be the most feasible metabolic pathwayhier t
generation of M4.

11



This opening is able to explain both the negatrezation observed despite the absence of any fibeno
proton and the formation of all the product ionsatved for M4 Figure 3). The linear amine group
together with the keto function at @cilitated the formation of the rearrangement/pmesly reported for

mephedrone [19].

Metabolite M5

The molecular formula of M5 (gH,3NOs) implied the addition of two hydrogen and two ogpgatoms
to MDPV. The product ion spectrum of Mbgble 3andFigure S.5 in Electronic Supplementary
Material ) was almost identical to the one for M4 but witbshof the ions with a difference of 2 Da. On
one hand, the ions a¥z207.1035m/2151.0388 andn/z 137.0597 indicated the hydrolysis of the ketal
moiety and the methylation of one of the hydroxyups of the catechol (as explained for M2). On the
other hand, the ions a¥z 140.1069 andvz 98.0606 are in agreement with an oxidation of yreqidin
ring (see M3) whereas the ionmatz 158.1175 and the neutral loss of 103.0621 Da sigdehe opening
of the ring (as explained for M4). Based on thesilts,1-(4-hydroxy-3-methoxyphenyl)-2-(1-

succinamic acid)pentan-1-onavas proposed as structure for M5.

Metabolite M6 and M7

Both M6 and M7 had a molecular formula of&,;NO,. Both metabolites were ionized in both positive
and negative ionization modeBaple 2) suggesting the presence of an acidic centre tim §touctures.
Their product ion spectrd éble 3andFigures S.6 and S.7 in Electronic Supplementary Matial)

were almost identical. The ionsratz 207.1026 anan/z 137.0598 would indicate hydrolysis of the ketal
function and methylation of the phenolic grouptud tatechol (as explained for M2 and M5). This
metabolic pathway would also explain the negatireziation observed for M6 and M7. Additionally, the
ions atm/z 140.1073 andv/z 98.0603 suggested an oxidation in the pyrroliding whereas the ion at

m/z 175.0760 implied that both the keto function aa@d the propyl chain remained unaltered.

The product ion spectra of both M6 and M7 were tidahsuggesting that they were isomers.
Methylation of both hydroxyl groups of the catechekms to be the most feasible metabolic pathway fo

the generation of these isomers. Since COMT shaoeference for 3-methylation [11], this pathway was

12



postulated to occur in the most abundant of bottabwdites (M7) whereas 4-methylation was proposed

for M6.

Therefore,1-(3-hydroxy-4-methoxyphenyl)-2-(1-pyrrolidonyl)pertan-1-oneand 1-(4-hydroxy-3-
methoxyphenyl)-2-(1-pyrrolidonyl)pentan-1-onewere proposed as the structures for M6 and M7

respectively.

Metabolite M8

M8 was an isomeric metabolite of M2 (molecular fafanCegH,3NOs) i.e. it has two hydrogen atoms
more than MDPV. However, the product ion spectrdii® (Table 3andFigure S.8 in Electronic
Supplementary Material) differed substantially from the one obtained¥MIDPV and M2. The spectrum
was dominated by an abundant loss of water (iowWaR60.1641). This abundant loss was not observed
in other metabolites as it is characteristic gbfaditic hydroxyl groups. For this reason, reductibthe

keto function at €seemed to be the most feasible metabolic pathmwehied in the generation of M8.

Additionally, the ions atn/z 126.1278 andvz 84.0809 and the neutral loss of 71.073 Da inditate
unaltered pyrrolidin ring whereas the neutral lo643. 0546 Da suggested that the propyl chain

remained intact.

Based on these dathk(3,4-methylenedioxyphenyl)-2-(1-pyrrolidinyl)pentin-1-olwas proposed as

structure for M8.

Metabolite M9

Based on its molecular formula{E,sNO,4), M9 contains two hydrogen atoms and one oxygeremo
than MDPV. Similar to M2, the ions atz151.0397 anan/z 137.0603 Table 3andFigure S.9 in
Electronic Supplementary Material) indicated that M9 is a 3-methoxy-4-hydroxy-catgemetabolite
counting for the two extra hydrogen atoms. Themefoydroxylation of M2 seems to be the most feasibl

metabolic pathway involved in the formation of M9.

The product ion spectrum was examined in ordetucidate the location of the hydroxyl group. lots a
m/z 151.0397 andvz 137.0603 indicated that hydroxylation did not takace in the catechol moiety.

The ion atm/z 72.0811 and the neutral loss of 71.073 Da (fm@294 tom/z 223 and fronmV/z 276 to
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m/z 205) suggested that the pyrrolidine unit remainealtered. However, nitrogen-containing ionsnét
98.0967 anan/z 142.1230 (not shown in other metabolites) indicdled hydroxylation took place close

to the pyrrolidine ring.

The neutral loss of the propyl chain (43 Da) watsatiserved in M9. In contrast, subsequent neutral
losses of water and propylene (18 Da and 42 Daotispely) indicated that the propyl chain was
hydroxylated. All this information taken togethdioaved for the proposal df-(4-hydroxy-3-
methoxyphenyl)-3-hydroxy-2-(1-pyrrolidinyl)pentan-1-oneor 1-(4-hydroxy-3-methoxyphenyl)-4-
hydroxy-2-(1-pyrrolidinyl)pentan-1-one as a suitable structure for M9. With this inforroatit is not

possible to differentiate between both options.

Metabolite M10

M10 was an isomer of M9 (gH,sNO,) and also showed the ionsmaiz 137.0602 anan/z 151.0395
indicative of 3-methoxy-4-hydroxy-catechol metabesi Therefore, in the same way as M9,

hydroxylation of M2 was also considered as metahmdithway for obtaining M10.

Product ion spectrum of M10 did exhibit neither ibves atm/z 72 andm/z 84 nor the neutral loss of 71
Da corresponding to the pyrrolidin function. In t@st, it showed a neutral loss of 87.0684 Da ébn
m/z207.1023) and the ions @z 100.0759 and 88.076T4ble 3andFigure S.10 in Electronic
Supplementary Material). These results suggested that the hydroxyl greagplaced on the
pyrrolidine ring. Thusl-(4-hydroxy-3-methoxyphenyl)-2-(2-hydroxypyrrolidinyl)pentan-1-oneor 1-
(4-hydroxy-3-methoxyphenyl)-2-(3-hydroxypyrrolidinyl)pentan-1-onecould be proposed as the
structure for M10. We have selected the first apis most plausible as it would be related with NG/

although the second candidate could not be disdarde

3.4. MDPV phase Il metabolites

Once the 10 phase | metabolites were tentativakgidghted, nw-XICs at the calculated/z for the
corresponding phase Il metabolites (concretely glmeides and sulphates) were reconstructed from the
LE data in the non-hydrolyzed urine. In these cabt¥ but also M$ experiments were performed. In
the latter case, the main product ion generatethénMS spectrum (corresponding to the loss of the

sulphate or glucuronide group) was selected asupecion by increasing the cone voltage and aowyir
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the product ion scan of the generated in-sourgmfeant. The structure of the non-conjugated partdcou
be confirmed by comparing the corresponding®M8gmentation with the MS/MS spectra of the phase

metabolites. Using this approach, up to 7 glucutesiand 5 sulfates were detect€dle 2).

3.5. Metabolic pathway for MDPV

All this information taken together allowed for theoposal of a metabolic pathway for MDPMdure
4). The main reactions involved in MDPV metabolisra @} hydrolysis of the ketal moiety of the
catechol, (ii) methylation at C3’, (iii) oxidatiasf the pyrrolidine ring, (iv) oxidative opening tife

pyrrolidine ring, (v) reduction of the carbonyl gmand (vi) hydroxylation.

In comparison to previously reported data, of tBeehtatively identified metabolites, 5 have alsei
detected in rat urine samples (M1, M2, M3, M4, NiIl2,14,16], 6 in human urine (M1, M2, M3, M7,

M8, M9) [12,15,16] and 3 after microbial biotransfation (M1, M2, M10) [1].

It is remarkable that, up to our knowledge, 2 @f thetabolites identified in this paper have nonbee
reported in the literature, concretely M5 and M®6tHe case of M5, the same metabolic pathway hais be
proposed for similar compounds likePyrrolidinovalerophenone [20]. Regarding M6, timstabolite

can be explained after the combination of two weltumented metabolic pathways for these compounds,
i.e. oxidation of the pyrrolidin ring, hydrolysi$ the ketal moiety of the catechol and methylaagbiC3'.
Reference standards are not commercially avaifabldhese metabolites, and therefore their identity

although strongly supported by our QTOF MS accunadss data, could not be unequivocally confirmed.

In summary, the proposed strategy allowed for #teation of MDPV and 10 potential metabolites. The
use of a large volume injection (50 pL in a 1.7 i@column) improved the sensitivity of the method
and the minimum sample preparation step minimibegbssibility of losing part of the metabolites
during the extraction process. However, both aspafcthe experimental design might contribute to an
inappropriate chromatographic behaviour. Therefitre presence of additional isomers which might be

not properly resolved under the experimental camustcannot be discarded.
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CONCLUSIONS

The potential of UHPLC-QTOF MSfor the investigation of NPS metabolites in conetsh urine
samples is illustrated, taking MDPV as a case trést. In this paper, only a grab urine samplenfeo
patient with MDPV-related disorder was availableek in this case, where a control sample was not
available, it was feasible to investigate the pmeseof known and unknown metabolites. Using a etrat
based on the common fragmentation pathway of pareigt and metabolites, the detection of seven phase
I metabolites was possible. The urinary excretibsame of them as glucuronides and sulfates was als
identified. This strategy was extended to a sedewel, considering a common fragmentation pathway
between a known metabolite, already detected irséimeple, and other potential metabolites. This made
the discovery of three additional metabolites daesiThis strategy was based on the use of a QTOF
instrument, which allows the full-spectrum acquigitin TOF MS mode with and without promoting
fragmentation in the collision cell (MSacquisition). It was essential to first study fnegmentation
pathway of the parent drug, which was facilitatgdthe accurate mass information provided by this
analyzer. In addition, some MS/MS experiments wase performed, which gave relevant information
about product ions and allowed elimination of iféeznces co-eluting with the analytes. The use 8f M
together with additional analysis by MS/MS providad excellent way of elucidating and/or confirming
the presence of discovered metabolites. Data reghamtthis paper will be of help to develop futtmeget
quantitative methods for MDPV in urine focused be most relevant metabolites present in the samples
Furthermore, thesdata may also be used with other purposes, e.factlitate wastewater analysis in

sewage-based epidemiology studies in order to asiitlicit drug consumption of a population.
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FIGURE LEGENDS

Fig. 1.Product ion spectrum of MDPV (20 eV) and proposedrentation pathway.

Fig. 2.(al)Total lon Current (TIC) chromatogram of the lemergy function (LE) of the hydrolysed
urine (a2) TIC of the high energy function (HE)tbé hydrolysed urine (only showed from 1 to 7 min);
(b) nw-XIC atm/z 175.075 in HE function; (c) HE spectra for peak®.@5 and 4.55 min; (d) LE spectra
for peaks at 2.75 and 4.55 min; (e) nw-XIC for pedktected at 2.75 and 4.55 min in LE function

Fig. 3.Product ion spectrum of M4 (20 eV) and proposedrfrantation pathway.

Fig.4 Metabolic pathway proposed for MDPV. U: metaboliggsreted unconjugated, G: metabolites
excreted as glucuronides, S: metabolites excreteslfates. * M6 (not shown in the Figure) is the C

methylated isomer of M7 which is methylated in (8hown in the Figure)
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TABLES

Table 1.Detection of MDPV metabolites by common fragmeatdracted in the high collision energy
function of the MSacquisition mode.

Structural features

O Propyl
’
\O
Catechol —
Pyrrolidin
Base Fragment Propyl Pyrrolidin Catechol Detected metabolites
compound (m'2) chain ring substitution
MDPV 233.1047 - Unchanged Unchanged -
205.0859 Unchanged Unchangeg M4, M9
175.0752 Unchanged M1, M2 (M8)
149.0232 - Unchanged M5
135.0440 Unchanged M5
126.1277 Unchanged Unchanged M1, M2
M2 137.0597 3’-methoxy
M10
4’-hydroxy
M4 98.0602 Oxydized M3, M5, M6, M7

*Although all fragment ions for all metabolites weaused for the iterative process, only those which
contribute to find additional metabolites have bemtuded in this table.
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Table 2.Retention time, ionization behaviour and phasedgehll species found for the detected metabolites.

lonization phase I/phase Il metabolism
Rt
Compound . izati Elemental
P (min) | lonization Species . m/z Error Unconjugated Glucuronide Sulphate

Mode composition (mDa)

MDPV 5.47 ESI+ [M+H]" CieH22NO; 276.1590 -1.0 v n.d. n.d.

M1 2.75 ESI+ [M+H]" CisH2oNO;4 264.1593 -0.7 n.d. v v
ESI- [M-H] CisHp0NO;3 262.1445 0.2

M2 4.57 ESI+ [M+H] " C1gH24NO; 278.1747 -0.9 v v v
ESI- [M-H] Ci6H2oNO; 276.1589 -1.5

M3 7.85 ESI+ [M+H] " Ci15H20NO, 278.1389 -0.3 n.d. n.d. v
ESI- [M-H] CisH1gNO, 276.1227 -0.2

M4 5.7 ESI+ [M+H]" C1eH2oNOs 308.1494 -0.4 v n.d. n.d.
ESI- [M+H]" Ci6H20NOs 306.1331 -1.0

M5 45 ESI+ [M+H]" C1eH24NOs 310.1646 -0.8 v n.d. v
ESI- [M-H] Ci6H2oNOs 308.1488 -1.0

M6 8.52 ESI+ [M+H]" C1eH2oNO, 292.1554 0.5 n.d. 4 n.d.
ESI- [M-H]" Ci6H20NO, 290.1392 0

M7 8.78 ESI+ [M+H] " CieH2NO, 292.1551 0.2 n.d. v. n.d.
ESI- [M-H]" Ci6H20NO, 290.1390 -0.2

M8 5.3 ESI+ [M+H] " CieH2aNO;3 278.1747 -0.9 v n.d. n.d.

M9 2.8 ESI+ [M+H] " Ci6H24NO, 294.1709 0.4 n.d. n.d. v

M10 4.4 ESl+ [M+H] " CieH2NO, 294.1707 0.2 n.d. v n.d.

N
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Table 3.Product ions found in positive ionization mode tloe detected metabolites.

Metabolite m/z Error Elemental Precursor ion Product ion Abundance Error Formula
(mDa) composition (%) (mDa)

MDPV 276.1590 -1.0 GH,,NO; 276 233.1047 8 -0.5 1@H1sNO;3
205.0859 86 -0.6 16H1:03
175.0753 92 -0.6 &H1,0,
149.0233 40 -0.7 §El505
135.0440 70 -0.6 48,0,
126.1277 90 -0.6 4Bl1eN
121.0293 2 0.3 {150,
84.0810 4 -0.3 &N

M1 264.1593 -0.7 GH,.NO; 264 221.1047 8 -0.5 16H15sN O3
193.0861 47 -0.4 16H1:03
175.0754 35 -0.5 1eH110;
165.0912 5 -0.4 {&H1:0;
137.0235 32 -0.4 £ls0;
126.1278 72 -0.5 BN
123.0440 70 -0.6 £,0,
84.0809 5 -0.4 &N
72.0809 44 -0.4 LN

M2 278.1747 -0.9 GH2UNO; 278 235.1203 4 -0.5 1@H17:NO3
207.1015 39 -0.6 1GH 1505
175.0751 100 -0.8 1110,
151.0388 30 -0.7 48705
137.0597 33 -0.6 450,
126.1277 75 -0.6 BN
84.0809 4 -0.4 &N
72.0808 12 -0.5 LN

M3 278.1389 -0.3 GH>NO, 278 260.1282 8 -0.5 1€H1gNO3
193.0861 8 -0.4 {H1:03
175.0752 10 -0.7 1H110;
140.1069 100 -0.6 H1,NO
137.0236 2 -0.3 {E150;
123.0440 11 -0.6 £l,0,
98.0601 25 -0.5 4EIsNO
86.0602 11 -0.4 SIsNO
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Metabolite m/z Error Elemental Precursor ion Product ion Abundance Error Formula

(mDa) composition (%) (mDa)

M4 308.1494 -0.4 GH,,NOs 308 290.1387 100 -0.5 1E1,0NO,
272.1283 40 -0.4 1H16NO;
260.1283 50 -0.4 16H16NO;
242.1179 20 -0.2 EH1NO,
230.0814 27 -0.3 1§H1,NO;
214.1230 27 -0.2 1@H1eNO
205.0873 53 0.8 1303
204.1017 54 -0.8 GH1NO,
203.0943 21 -0.3 &H1aNO;
175.0756 48 -0.3 6H110;
174.0916 40 -0.3 1&H1,NO
158.1177 18 -0.4 El1cNO;
149.0232 12 -0.7 §8ls0;
140.1071 100 -0.4 #H1,NO
135.0443 30 -0.3 48,0,
98.0602 14 -0.4 {EIsNO
87.0443 27 -0.3 £1,0,

M5 310.1646 -0.8 GH,4NOs 310 292.1540 90 -0.9 16H,,NO,
274.1435 40 -0.8 #H20NO;
260.1279 60 -0.8 €H1aNO;
242.1184 22 0.3 1&H16NO,
232.0977 20 0.3 1E@H1aNO;
207.1035 28 -1.3 EH1:05
206.1171 48 -1.0 EH1NO,
205.1098 20 -0.5 &H15NO,
175.0757 62 -0.2 6H110;
174.0912 55 -0.7 GH,NO
158.1175 30 -0.6 d81NO,
151.0388 13 -0.7 48,05
140.1069 100 -0.6 ¢81.NO
137.0597 14 -0.6 4850,
104.0711 10 -0.1 L1 NO;
98.0606 13 0 EisNO

87.0442 25 0.4 £,0,



Metabolite m/z Error Elemental Precursor ion Product ion Abundance Error Formula
(mDa) composition (%) (mDa)
M6 292.1554 0.5 GH>NO, 292 274.1440 5 -0.3 18H50NO;
207.1026 8 0.5 &H 105
175.0760 10 0.1 @H110,
140.1073 100 -0.2 &H1.NO
137.0598 10 -0.5 4E1,02
98.0603 20 -0.3 4EIgNO
86.0600 3 -0.6 fEgNO
M7 292.1546 0.2 GH>NO, 292 274.1439 5 -0.4 16H50NO3
207.1021 5 0 £H 103
175.0759 8 0 GH110,
140.1072 100 -0.3 &1.NO
137.0601 6 -0.2 4Els0,
98.0604 20 -0.2 {EIsNO
86.0603 3 -0.3 fEHNO
M8 278.1747 -0.9 GH2.NO; 278 260.1641 100 -1.0 16H,,NO,
217.1095 58 -0.8 H1sNO,
207.1017 3 -0.4 &H 105
175.0754 8 -0.5 GH110,
159.0804 6 -0.6 GH1,0
126.1278 6 -0.5 §El1eN
84.0809 2 -0.4 £ N
72.0808 3 -0.5 SN
M9 294.1709 0.4 GH2uNO, 294 276.1595 8 -0.5 16H2:NO;
234.1135 58 0.5 H1gNO;
223.0973 4 0.3 &H1:0,4
216.1026 4 0.2 £H1NO,
205.0867 10 0.2 1eH1:03
200.1074 19 -0.1 €H1NO
173.0614 2 1.1 GHy 0O,
177.0545 5 -0.7 fHyO5
151.0397 9 0.2 4E1,04
142.1230 27 -0.2 dE1eNO
137.0603 20 0 §E1,0,
98.0967 9 -0.3 &N
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Metabolite m/z Error Elemental Precursor ion Product ion Abundance Error Formula

(mDa) composition (%) (mDa)

72.0811 10 -0.2 LN

M10 294.1707 0.2 &H24NO, 294 276.1600 4 0 #H2,NO3
251.1154 3 -0.4 H1NO,
248.1650 12 -0.1 €H,NO,
207.1023 30 0.2 &H1:03
175.0759 78 0 H110;
151.0395 36 0 &1,0;
142.1229 65 -0.3 #€1NO
137.0602 24 -0.1 €50,
100.0759 4 -0.3 C5H10NO
88.0761 21 -0.1 C4H10NO

70.0654 4 -0.3 C4H8N
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