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Purpose
Detection and confirmation of human exposure to drugs typically relies on
measurement of parent compounds or specific metabolites in blood, urine, or an
alternative sample matrix. This “biomonitoring” approach is widely employed for
forensic toxicological applications and has been standardized for many xenobiotics.
Despite its broad acceptance, biomonitoring does have significant drawbacks with
regard to the useful time frame for drug detection. Most drugs and their metabolites
(with the exception of lipophilic drugs) are cleared within a week, after which they can
no longer be directly detected in these sample matrices. As a result, blood or urine
measurements alone generally cannot provide data on past episodic exposure,
cumulative exposure, or time-dependent exposure profiles for drugs. Nevertheless,
such data may be critically important in forensic toxicology, for example as evidence in
drug facilitated crimes and for measurement of drug compliance or abstinence in pain
drug management, addiction rehabilitation programs, and probation/parole criminal
justice situations.
Currently, retrospective biomonitoring of drug use or exposure is limited to analysis
of hair, for which numerous methods and a large literature database exist. While clearly
useful for this purpose, hair analysis does have some technical and interpretive
challenges. Another potential technology for longer-term monitoring of drug exposure
involves measurement of the products of covalent modification of free thiol moieties of
blood proteins, such as hemoglobin (Hb) and serum albumin (SA), by reactive
metabolites (RM) of drugs. Since they typically persist for the life of the protein, such
protein “adducts” can provide a much longer window of detection of exposure than is
generally possible by direct measurement of parent compound or a metabolite.
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While widely used in human exposure assessment for environmental and
occupational chemicals, applications of protein adducts as markers of illicit drug
exposure are virtually nonexistent. Regardless, preliminary studies in this laboratory
has demonstrated in vitro modification of glutathione (GSH) and model thiol-containing
peptides by RM of certain abused drugs, suggesting the potential feasibility of this
approach.

Project Design and Methods
Task 1 of this project consisted of development and optimization of an in vitro assay
system to generate RM of 16 selected drugs and assessment of the in vitro adduction
potential of drug RM with thiol containing trapping agents (GSH and a model thiolcontaining peptide). These drugs included alprazolam (ALP), buprenorphine (BUP),
cocaine (COC), diazepam (DZP), methadone (META), methamphetamine (METH),
methylenedioxymethamphetamine (MDMA), methylenedioxypyrovalerone (MDPV),
methylone (METY), morphine (MOR), naltrexone NAL), oxycodone (OXY), αpyrrolidinopentiophenone (α-PVP), Δ9-tetrahydrocannabinol (THC), acetaminophen
(APAP) and clozapine (CLZ). Task 2 of the project included detection and confirmation
of thiol modifications of human Hb by RM of selected drugs following in vitro incubation
in the same assay system.
Relevant data for all experiments are provided in the Appendix to this summary
report.

In vitro generation of RM and thiol trapping assay: An in vitro metabolic system was
developed to facilitate drug conversion to RM and adduction to GSH, an N-terminal
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acetylated cysteine-containing peptide (Ac-PAACAA) model peptide, and a model
protein (human Hb). For GSH studies, final concentrations of assay components were:
1 mM test drug, 1 mg/mL Human liver microsomes (HLM), 2 mM NADPH, 3 mM MgCl2,
3 mM glucose-6-phosphate (G6P), 0.4 units/mL glucose-6-phosphate dehydrogenase
(G6PD), 2 mM GSH, in 50 mM sodium phosphate buffer, pH 7.4. In the optimized
assay, drugs were added to plastic vials and residual solvent removed via vacufuge.
Remaining components (except GSH) were added to provide the above listed final
concentrations. Contents were vortexed and pre-incubated for 15 min at 37°C.
Following pre-incubation, GSH was added and the vial was vortexed again briefly and
then incubated at 37°C for 3 h. Once incubation was complete, vials were centrifuged
at 15,000 x g at 4°C for 30 min. A 100 µL aliquot was removed from the vial and added
to a clean LC-MS vial for MS analysis.
For model protein studies, a modified in vitro assay was developed that involved the
analysis of tryptic peptides of adducted protein. This assay consisted of the same
mixture as above but containing 5 mg/mL Hb in 25 mM ammonium bicarbonate buffer,
pH 7.6. The mixture was incubated at 37°C for 3 h and centrifuged for 30 min at
100,000 x g. After centrifugation, a freshly-prepared 15 mM solution of iodoacetamide
was added and the mixture incubated at RT in the dark for 1 h. Adducted Hb was then
extracted from the reaction mixture using a 3K Da cutoff spin filter, followed by addition
of 0.25 mg/mL of trypsin and incubation at 37°C overnight.

Mass Spectrometric Identification of GSH, peptide, and protein adducts: GSH
adduct analysis in negative ESI mode was performed on an Agilent 6460 LC-QqQ-MS
with mobile phases (A) water with 0.1% acetic acid; and (B) 95% acetonitrile, 4.9%
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water with 0.1% acetic acid. For GSH adducts, precursor ion scans using a product ion
m/z of 272, a characteristic transition for GSH and GSH-containing compounds, were
performed. The mass window was set to m/z 400-800, in order to avoid unnecessary
interference from non-adducted GSH. From the total ion chromatogram, an extracted
ion chromatogram was collected for each of the significant peaks, and a corresponding
structure was proposed for each ion detected. Following initial GSH adduct analysis by
negative mode LC-QqQ-MS, adduct peak masses were analyzed using negative mode
targeted scanning on an Agilent 6530 LC-QTOF-MS (HRMS). HRMS analysis was
performed at collision energies of 10, 20, and 40 eV so that transitions could be
observed at a level which would maximize their count and determine distinguishing
values. Peaks observed by both LC-QqQ-MS and LC-QTOF-MS were considered as
confirmed adduct peaks.
Adduct structures were proposed based on accurate mass data for the molecular
ion of each drug-GSH adduct and for major MS/MS fragments. For novel adducts, a list
of metabolites potentially formed in situ was compiled using published metabolism data
as available and, where not available, using in silico metabolite prediction methods.
Structures associated with more than one metabolic transformation were also
considered. The final theoretical adduct list therefore consisted of multiple target
structures for each drug. Calculated molecular ion masses of the theoretical adduct
structures were then compared to those observed in the HRMS analysis for each drug
to identify tentative positive hits.
For model peptide studies, assay supernatant was collected and analyzed using an
Agilent Model 6460 QqQ MS. Peptides were analyzed by direct flow injection analysis
(FIA) with no LC column separation and MS was conducted in positive ionization mode.
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The FIA approach allowed for the concurrent detection of all possible components
present in the sample, including the parent drug, metabolites, and peptide adducts.
For Hb peptide digests, chromatographic separation utilized an Agilent Zorbax
Rapid Resolution HD Eclipse Plus C18 column with gradient elution. HRMS analysis of
tryptic peptides utilized positive ESI full scan mode with an Agilent 1290 Infinity UHPLC
coupled to the Agilent 6460 MS.

Data Analysis and Results
Drug-GSH Adduct Studies: Using the initial QqQ-MS screening approach, a total of
20 potentially significant GSH adduction products were identified for 10 of the 16 drugs
examined, including APAP, CLZ, COC, DZP, MDMA, MDPV, MOR, NAL, OXY, and
THC. Multiple adduct structures were also observed for a number of drugs. In contrast,
GSH adducts were not observed for ALP, BUP, DZP, META, MET, and METY under
these screening conditions. Target products detected by low resolution MS were then
further examined using high resolution LC-QTOF-MS/MS analysis (HRMS).
HRMS analysis confirmed the positive results indicated the screening assay. A
total of 22 individual adduct structures were identified by HRMS for the 10 drugs
yielding positive results. Ten of these have been previously reported in the literature,
while 12 are novel entities not previously reported, including those for DZP, NAL, OXY,
and THC. The structures reported previously all have masses which matched closely
with those observed in spectra collected in the present study. The reason(s) for the lack
of observed GSH adduction with the other five drugs are unclear at the present time, but
may involve unfavorable reaction conditions or insufficient analytical sensitivity due to
ionization issues or other factors. These issues are being explored in continuiung
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studies.
In silico metabolite prediction analysis suggested that, in many cases, formation
of an adduct was associated with an ‘NIH shift’ pathway. There are several proposed
mechanisms by which an NIH shift may occur, however, the prevailing theory, which
has been experimentally corroborated, involves formation of an unstable epoxide which
then undergoes a hydride shift. Plausible structures were proposed for the majority of
the previously unreported adducts identified in the present study, based upon HRMS
accurate mass and MS/MS data and likely metabolic transformations.
GSH adducts of THC have not previously been reported in the literature. The
present study identified four species consistent with covalent adduction of GSH with
THC, all proposed to result from modification of THC metabolites oxidized at the 11
position or on the pentyl chain of the parent drug. The proposed structures for two
adducts are consistent with adducts formed from the stable metabolites 11-OH-∆9-THC
and 11-nor-9-carboxy-∆9-THC, with direct binding to GSH. Additional data are required
to identify the exact nature of the metabolic modifications present in the other two THC
adducts and the location of the C-S linkage in each species.

Drug-Model Peptide Adduct Studies: Evidence for covalent adduction to the model
Cys peptide was obtained for 14 of the 16 tested drugs, with data for 11 drugs
confirmed by MS/MS analysis. For these drugs, parent ions, metabolites, and their
transitions could be observed. The appearance of new peaks whose masses
correspond to the adduct products were determined. The MS/MS fragmentation of the
adducted peptide peaks indicated that they corresponded to the drug-peptide
adductions. Of the drugs tested, only META and THC did not show detectable

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.

formation of peptide adducts. In particular, OXY, ALP, METY, and MOR showed a high
potential for peptide adduct formation. Several potential adducts at lower m/z, possibly
corresponding to adducts formed by ALZ metabolites, were also noted. In contrast,
METY and MOR clearly yielded only single adduct ions corresponding to addition of one
parent drug molecule. The adducted peptide parent ions corresponded primarily to the
major adduct detected for each drug. However, for a number of drugs, several minor
adducts were also noted. DZP, MDPV, -PVP, and COC also formed adducts,
although these were in lower abundance than the other drugs with positive results.
Control experiments, conducted in the absence of HLM and/or NADPH, did not result in
adduct formation, confirming that formation of RM is required for adduction to occur.
Studies were also performed to assess the effect of increasing drug concentration
on the amount of acetylated peptide remaining and the amount of adducted peptide
formed during the metabolic assay. In these studies, decreasing concentrations of
METH and NAL were evaluated. Even at drug concentrations as low as 10 M, the
formation of the corresponding adducts was observed. These results suggest the
likelihood of covalent thiol adduction by these drugs at physiological levels.

Drug-Protein Adduct Studies: Studies were conducted to determine whether RM of
the selected drugs can covalently adduct free thiols in human hemoglobin (Hb). For this
purpose, purified Hb was incubated in the in vitro trapping assay as described above,
followed by trypsin proteolysis and HRMS peptide analysis. The initial LC-QTOF-MS
data analyzed with BioConfirm produced positive results for the adduction of APAP,
confirming via MS data what has been reported previously in the literature regarding
pharmacological and HPLC studies. APAP adduction was observed for both Hb β93Cys
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and the less reactive Hb β112Cys. Adduction was also observed for α-PVP, METH,
NAL, OXY, and THC, producing a total of 11 potential adducts. The adducted drug
species mass observed for THC corresponded to the mass of the 11-hydroxy-THC
metabolite adducted to Hb, also in agreement with the major THC adduct observed in
the GSH studies. METH exhibited adducts at both the β93Cys and α104Cys residues,
while THC modified only the β93Cys. BioConfirm also successfully identified MS/MS
fragmentation at high mass accuracy for two of the adducts; APAP-modified Hb β93Cys
and α-PVP-modified Hb β93Cys. These data confirm the Hb binding potential of a
number of the drugs tested to date. This work is continuing in additional studies for the
remaining selected drugs.

Major Findings
 In vitro metabolic assays for generation of RM of 16 selected drugs, and for adduct
trapping with GSH, a thiol-containing model peptide, and human Hb were developed
and optimized.

 Of the 16 drugs tested for GSH adduction potential, APAP, CLZ, COC, DZP, MDMA,
MDPV, MOR, NAL, OXY, and THC demonstrated GSH adduction potential, with a
total of 22 individual GSH adducts identified. Ten of these have been previously
reported in the literature, while 12 are novel entities not previously reported, including
those for DZP, NAL, OXY, and THC.
 Evidence for adduction of the thiol-containing model peptide was obtained for 14 of
the 16 tested drugs, with data for 11 drugs confirmed by MS/MS analysis. For these
drugs, parent ions, metabolites, and their transitions could be observed. Of the drugs
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tested, only META and THC did not show detectable formation of peptide adducts.
 In vitro studies with APAP, METH, THC, a-PVP, OXY, and NAL indicated that all of
these drugs are capable of covalent binding to reactive Cys thiols in human Hb.
 In summary, proof of principle has been obtained that all of the drugs tested have the
potential to form RM capable of covalently modifying GSH, thiol-containing peptides,
and/or human Hb. This represents a key step towards developing a useful drug
monitoring strategy based on blood protein modification that will allow the project to
progress to the next stage involving development and validation of a practical assay.

Implications for Criminal Justice Policy and Practice in the United States
The major purpose of this study was to generate basic research data and
preliminary applied data to support an ultimate goal of developing protein adduct based
biomarker assays for compounds of forensic interest, including drugs of abuse. Such
tools would allow for exposure assessment for these compounds over a much longer
period of time than is currently possible and provide an alternative or complement to
hair analysis. A longer window of detection for drugs of abuse is critically important in
forensic toxicology, such as in drug facilitated sexual assault cases and for
measurement of drug compliance or abstinence in pain drug management, rehabilitation
programs, and probation/parole criminal justice situations. Consequently, this novel
approach is anticipated to significantly benefit forensic science for criminal justice
research by providing additional tools for detecting and quantifying important agents of
forensic interest in biological specimens over longer periods of time.
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Table 1: Data for parent drugs tested for GSH adduction potential.
Drug
Acetaminophen (APAP)
Alprazolam (ALP)
Buprenorphine (BUP)
Clozapine (CLZ)
Cocaine (COC)
Diazepam (DZP)
Methadone (META)
Methamphetamine (METH)
Methylenedioxymethamphetamine (MDMA)
Methylenedioxypyrovalerone (MDPV)
Methylone (METY)
Morphine (MOR)
Naltrexone (NAL)
Oxycodone (OXY)
α-Pyrrolidinopentiophenone (α-PVP)
Δ9-Tetrahydrocannabinol (THC)

Formula
C8H9NO2
C17H13ClN4
C29H41NO4
C18H19ClN4
C17H21NO4
C16H13ClN2O
C21H27NO
C10H15N
C11H15NO2
C16H21NO3
C11H13NO3
C17H19NO
C20H23NO4
C18H21NO4
C15H21NO
C21H30O2

Exact Mass (Da)
151.063
308.083
467.304
326.130
303.147
284.072
309.209
149.120
193.110
275.152
207.090
285.137
341.163
315.147
231.162
314.225
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Figure 2: Details of in vitro drug metabolism/trapping assay used for GSH and model peptide adduction
studies.
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Figure 3: LC-QqQ-MS/MS spectra for parent drugs and metabolites identified in in vitro assays (red).
Control spectra (no drug) shown in black.
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Figure 4: LC-QTOF-MS/MS data collected for glutathione. Labelled peaks correspond to
a known characteristic GSH ion. Negative ionization structures for each peak are provided
for each peak.
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Figure 5: (A) TIC of APAP+GSH collected by product ion scan mode via LC-QqQ-MS in
negative ionization mode. Inset is zoomed-in portion around the base of the major peak,
showing multiple peaks with lesser intensities. (B) XICs for ions at m/z 471 and 455, the
two relevant peaks of interest from the TIC.
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Figure 6: LC-QTOF-MS/MS spectra for the two GSH adduct peaks of interest observed
for APAP; (A) m/z 455.089 and (B) m/z 471.119. The top, middle, and bottom panel for
each spectrum represents collision energies of 10, 20, and 40 eV, respectively. The use
of multiple collision energies allowed for optimum generation of identifying fragments.
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Table 2: GSH adducts observed for all drugs tested, including proposed formula and composition and major ions.
Drug

Formula

Composition

Ions Observeda

C10H17N3O6S
GSH
306.095, 272.106(k), 254.094, 210.103, 179.059, 160.020, 143.058(b), 128.046(f)
C18H24N4O8S
D+GSH-2H
APAP1
455.089, 272.089(k), 254.078, 210.088, 182.028(d), 143.045(b), 128.046(f)
C18H24N4O9S
D+GSH+O-2H
APAP2
471.119, 272.088(k), 198.025 (d), 143.045(b), 128.045(f)
C28H34ClN7O6S
D+GSH-2H
CLZ1
630.194, 357.095(d), 272.089(k), 254.078, 143.046(b)
C28H36ClN7O7S
D+GSH+O
CLZ2
648.198, 272.089(k), 143.046(b)
C23H24ClN5O7S D+GSH+O-C5H10N2 548.101, 275.005(d), 272.095(k), 143.046(b)
CLZ3
C27H38N4O11S
D+GSH+O
COC1
625.230, 565.055, 384.821, 306.080(i), 272.090(k), 194.950, 143.046(b)
C26H30ClN5O8S
D+GSH+O
DZP1
606.154, 588.142, 315.039, 272.088(k), 258.013, 210.089, 143.046(b)
C20H30N4O8S
D+GSH-CH2
MDMA1
485.189, 272.090(k), 212.771(d), 143.047(b), 128.045(f)
C21H30N4O8S
D+GSH-2H
MDMA2
497.131, 272.091(k), 254.085, 143.047(b), 128.046(f)
C19H25N3O9S
D+GSH+O-C2H7N
MDMA3
470.140, 436.793, 272.090(k), 197.030(d), 143.046(b), 128.045(f)
C25H36N4O9S
D+GSH-CH2
567.238, 294.118(d), 272.091(k)
MDPV1
C21H29N3O9S
D+GSH-C5H8N
MDPV2
498.172, 272.089(k), 225.060(d), 143.046(b), 139.995
C21H29N3O10S
D+GSH+O-C5H7N
MDPV3
514.168, 378.808, 272.103(k), 241.068(d), 143.056(b)
C27H34N4O9S
D+GSH-OH
MOR1
589.219, 316.102(d), 306.077(i), 272.089(k), 210.089, 143.046(b), 128.045(f)
C30H38N4O10S
D+GSH-2H
NAL1
645.249, 306.094(i), 272.105(k), 210.089, 143.057(b), 128.046(f)
C30H40N4O11S
D+GSH+O
NAL2
663.260, 390.157(d), 358.184(j), 306.093(i), 272.105(k), 210.089, 143.057(b), 128.046(f)
C28H36N4O10S
D+GSH-2H
OXY1
619.208, 408.012, 306.077(i), 272.958(k), 210.089, 143.057(b), 128.046(f)
C28H34N4O11S
D+GSH+O-4H
OXY2
633.223, 306.076(i), 272.088(k), 210.089, 143.057(b), 128.046(f)
C31H45N3O9S
D+GSH+O-2H
THC1
634.306, 361.205(d), 306.095(i), 272.106(k), 210.091, 143.058(b), 128.046(f)
C31H45N3O10S
D+GSH+O2-2H
THC2
650.301, 377.199(d), 343.193(j), 306.094(i), 272.106(k), 210.091, 143.057(b), 128.046(f)
C31H45N3O11S
D+GSH+O3-H
THC3
666.297, 393.195(d), 359.190(j), 306.094(i), 272.106(k), 210.091, 143.057(b), 128.046(f)
C31H41N3O12S
D+GSH+O4-4H
THC4
678.304, 306.095(i), 272.106(k), 210.091, 143.058(b), 128.046(f)
aMolecular ion in bold; letters in parentheses refer to characteristic GSH fragments according to nomenclature of Xie et al. (2013).
bLiterature reference for previously reported adduct; na – not previously reported.
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Referenceb
Dahlin et. al (1984)
Xie et. al (2013)
Zhu et. al. (2007)
Zhu et. al. (2007)
na
Schneider and DeCaprio (2013)
na
Meyer et. al. (2014)
Meyer et. al. (2014)
Meyer et. al. (2014)
Meyer et. al. (2014)
na
na
Todaka et. al. (2005)
na
na
na
na
na
na
na
na

Figure 7: Details on approach used to interpret QTOF MS/MS data for identification of drug-GSH adduction products
and loacation of thiol linkage to drug molecule.
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Figure 8: MS/MS spectra for all 12 previously unreported adducts. The molecular ion is
represented in blue, GSH-specific peaks in green, and structurally significant peaks for GSHcontaining compounds in red. Proposed structures for 9 of the 12 adducts are also shown with
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Figure 8: continued
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Figure 8: continued
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Figure 9: Scheme illustrating adduction of model Cys peptide by reactive dug metabolites.
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Table 3: Summary of MS results for model peptide modification by reactive drug metabolites
Parent Drug
[M+H]+
152.2
327.2
309.1
468.3
304.3
285.2
194.2
276.1
150.2
310.1
208.2
286.1
342.2
316.1
232.3
315.2

Adducted Peptide
[M+H]+
694.5
871.8
853.2
1012.5
848.1
828.4
738.7
820.0
694.7
849.7
752.7
830.3
886.8
860.3
776.4
859.6

1Adducted

Peptide
MS/MS Spectra
APAP
Yes
CLZ
Yes
ALP
Yes
BUP
Yes
COC
No
DZP
Yes
MDMA
Yes
MDPV
No
MET
Yes
META
No
METY
Yes
MOR
Yes
NAL
Yes
OXY
Yes
-PVP
No
9
 -THC
No
1
Drugs for which adequate MS/MS spectra of the adducts were obtained are labeled as (Yes).
Low intensity adduct peaks and/or adducts representing poorly resolved MS/MS spectra are
labeled as (No).
Drug
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Figure 11: ESI-MS spectra of adducted by (A) diazepam, (B) MDPV, (C) α-PVP, and (D)
norcocaine and cocaine. The upper spectra show the control or unmodified peptide and
the bottom spectra the appearance of new peaks of the adducted peptide.
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Figure 12: ESI-MS/MS spectra of the adducted model peptide by selected drugs. The
parent ion corresponding to each adducted peptide was fragmented. A combination of
peaks that correspond to the peptide and the drug fragmentation can be observed. The
y- and b-ions associated with MS fragmentation of the peptide are shown. Arrows
represent the mass difference between the adducted peptide [M+H]+ and peak
corresponded to the drug mass which is consistent with the peptide molecular mass of
544 Da. In addition, the fragmentation peak of drug and its transitions are labeled.
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Figure 13: ESI-MS spectrum of model peptide adduction by different concentrations
of methamphetamine and naltrexone. The peak abundance of the peptide adducts
increases at higher drug concentrations while the peak abundance of the unmodified
peptide decreases at higher drug concentrations.
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Figure 14: Details of the in vitro drug metabolism/trapping assay used for protein
(human hemoglobin) adduction studies.
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Figure 15: Total Ion Chromatogram (A) and Targeted Compound Chromatogram (B)
for tryptic peptide digest of APAP-adducted human Hb assay mixture.
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Figure 16: Illustration of peptide data analysis using Bioconfirm to identify APAP adduction at β93Cys moiety of human Hb.
Middle panel shows MS/MS spectrum of GTFATLSELHCDK tryptic peptide showing characteristic y- and b-fragment ions expected
with APAP adduction at β93Cys.

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.

Table 4: Summary of QTOF-MS (gray) and -MS/MS (green) data for Hb adducts confirmed for six of
the drugs examined in the project. Data indicates specific Cys thiol modified, other modifications
detected, and mass difference from predicted.
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Figure 17: QTOF MS/MS spectrum, adduct localization, and structure (top panel) and confirmed
characteristic fragements (bottom panel) for α-PVP adduct with human Hb.
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Figure 18: QTOF MS/MS spectrum, adduct localization, and structure (top panel) and confirmed
characteristic fragements (bottom panel) for APAP adduct with human Hb.
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Conjugation with the tripeptide glutathione (GSH) is a common mechanism of detoxification of many endogenous and exogenous compounds. This phenomenon typically occurs
through the formation of a covalent bond between the nucleophilic free thiol moiety of
GSH and an electrophilic site on the compound of interest.
While GSH adducts have been identified for many licit drugs, there is a lack of information
on the ability of drugs of abuse to adduct GSH. The present study utilized a metabolic
assay with GSH as a nucleophilic trapping agent to bind reactive drug metabolites formed
in situ.
Extracted ion MS spectra were collected via LC-QqQ-MS/MS for all potentially significant
ions and examined for fragmentation common to GSH-containing compounds, followed by
confirmation of adduction and structural characterization performed by LC-QTOF-MS/MS.
In addition to the two positive controls, of the 14 drugs of abuse tested, 10 exhibited GSH
adduction, with several forming multiple adducts, resulting in a total of 22 individual identified adducts. A number of these are previously unreported in the literature, including those
for diazepam, naltrexone, oxycodone and D9-THC.

Introduction
Phase I and Phase II metabolic processes generally form
more polar metabolites of xenobiotics and are typically a
means of detoxification and preparation for excretion. Phase
I metabolism, such as hydroxylation or epoxidation, refers to
a number of reactions a xenobiotic may undergo where a
relatively small modification occurs which may slightly
increase hydrophilicity. Phase II metabolism, such as glucuronidation, refers to reactions where hydrophilicity is substantially increased by the addition of a large polar moiety.
These metabolic products do not typically cause harm to the
endogenous cellular components in their vicinity. However,
in some cases reactive intermediates may also be formed,
which may then modify nearby macromolecules to form
covalent adducts, primarily through electrophilic–nucleophilic
interactions (Attia, 2010; Miller & Miller, 1965). The formation
of these modifications can create a potential for organ-specific toxicity (Ikehata et al., 2008; Lu et al., 2009) or, alternatively, can be innocuous. In either case, such adducts may
also serve as biomarkers of exposure (Xie et al., 2013).
Metabolic trapping assays have been widely employed to
study these possibly harmful products in vitro, particularly in
pharmaceutical development where there is a need to
CONTACT Anthony P. DeCaprio
Miami, FL 33199, USA

adecapr@fiu.edu

KEYWORDS

Glutathione; LC-MS/MS;
drugs of abuse; adducts

identify the potential for reactive metabolite production in
candidate drugs (Thompson et al., 2011; Yamaoka &
Kitamura, 2015). Such assays are designed to mimic Phase I
and II metabolic processes in human cells (Evans et al.,
2004). When a metabolic assay is used for the purpose of
examining reactive metabolite formation, a trapping agent
must be added as a target for covalent modification
(Meneses-Lorente et al., 2006). Trapping agents are typically
any one of numerous, primarily nucleophilic and generally
small, molecules that can bind covalently to reactive intermediates, preventing further metabolism and preserving the
structure of the otherwise unstable compound (Schneider &
DeCaprio, 2013). Examples of trapping agents used in these
assays include glutathione (GSH) (Schadt et al., 2015;
Yamaoka & Kitamura, 2015), N-acetylcysteine (Schneider &
DeCaprio, 2013), and cyanide (Evans et al., 2004).
Glutathione (GSH) is a tripeptide which consists of glutamic acid, cysteine and glycine that is found endogenously
in human cells at concentrations ranging up to 10 mM
(Shimizu et al., 2002). GSH contains a free thiol moiety that
acts as a reactive nucleophilic site and that has been shown
to covalently bind to electrophiles in vivo (Dahlin et al., 1984;
Zhu et al., 2007). The capability of GSH to bind to reactive
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Figure 3. (A) TIC of APAP þ GSH collected by product ion scan mode via LC-QqQ-MS in negative ionization mode. Inset is zoomed-in portion around the base of
the major peak, showing multiple peaks with lesser intensities. (B) XICs for ions at m/z 471 and 455, the two relevant peaks of interest from the TIC.

investigators. In contrast, CLZ3 (Figure 5) represents a novel
GSH adduct structure for this drug. For CLZ3, the [M–H]- ion
with m/z of 548.099 is consistent with loss of the entire
piperazine moiety, in addition to hydroxylation and rearomatization following adduction with GSH. The peak labeled as a
“d” transition at m/z 275.005 corresponds to the neutral loss
observed from the cleavage of the sulfur of GSH from the
rest of the tripeptide. The resulting fragment represents the
metabolized CLZ moiety still bound to the sulfur of GSH. The
“k” ion corresponds to a characteristic GSH fragment.
Rearomatization of the benzene ring is supported by the
presence of the “k” peak and lack of an “i” peak, suggesting
that conjugation occurs at an aromatic site on the clozapine
metabolite (Xie et al., 2013).
DZP1 is a previously unreported adduct for diazepam and
was the only one observed for this drug. The presence of
the [M–H]– ion at m/z 606.154 is consistent with a mechanism involving reduction of the diazepine ketone in the parent drug to a hydroxyl group, hydroxylation of the 5-phenyl

ring and covalent adduction of GSH with rearomatization of
the phenyl group. The specific fragment at m/z 588.142 is
consistent with cleavage of a hydroxyl group, most likely
that attached to the 5-phenyl moiety. The specific fragment
at m/z 315.044 may be derived via cleavage of both the 5phenyl hydroxyl and the phenyl C–S bond of the adduct.
Rearomatization of the phenyl ring containing the site of
adduction is supported by the presence of the “k” fragment
at m/z 272.098 in addition to the lack of an “i” fragment. The
remaining “b” and m/z 210.093 ions are each consistent with
GSH fragmentation.
MDPV1 is identical in MS/MS characteristics to a previously reported GSH adduct with this compound and which
represents adduction to a demethylenated diol metabolite
(Meyer et al., 2014). MDPV2 is the first of two previously
unreported MDPV adducts observed in this study. The [M–H]ion at m/z 498.172 most likely represents metabolic demethylenation, as with MDPV1, in addition to further metabolic
loss of the pyrrolidine ring via N-deamination, followed by
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Table 2. GSH adducts observed for all drugs tested, including proposed formula and composition and major ions.
Drug

Ions observeda

Formula

Composition

APAP1
APAP2
CLZ1
CLZ2
CLZ3
COC1

C10H17N3O6S
C18H24N4O8S
C18H24N4O9S
C28H34ClN7O6S
C28H36ClN7O7S
C23H24ClN5O7S
C27H38N4O11S

GSH
D þ GSH-2H
D þ GSH þ O-2H
D þ GSH-2H
D þ GSH þ O
D þ GSH þ O-C5H10N2
D þ GSH þ O

306.095,
455.089,
471.119,
630.194,
648.198,
548.101,
625.230,

DZP1
MDMA1
MDMA2
MDMA3
MDPV1
MDPV2
MDPV3
MOR1
NAL1
NAL2

C26H30ClN5O8S
C20H30N4O8S
C21H30N4O8S
C19H25N3O9S
C25H36N4O9S
C21H29N3O9S
C21H29N3O10S
C27H34N4O9S
C30H38N4O10S
C30H40N4O11S

D þ GSH þ O
D þ GSH-CH2
D þ GSH-2H
D þ GSH þ O-C2H7N
D þ GSH-CH2
D þ GSH-C5H8N
D þ GSH þ O-C5H7N
D þ GSH-OH
D þ GSH-2H
D þ GSH þ O

OXY1
OXY2
THC1
THC2
THC3
THC4

C28H36N4O10S
C28H34N4O11S
C31H45N3O9S
C31H45N3O10S
C31H45N3O11S
C31H41N3O12S

D þ GSH-2H
D þ GSH þ O-4H
D þ GSH þ O-2H
D þ GSH þ O2-2H
D þ GSH þ O3-H
D þ GSH þ O4-4H

606.154, 588.142, 315.039, 272.088(k), 258.013, 210.089, 143.046(b)
485.189, 272.090(k), 212.771(d), 143.047(b), 128.045(f)
497.131, 272.091(k), 254.085, 143.047(b), 128.046(f)
470.140, 436.793, 272.090(k), 197.030(d), 143.046(b), 128.045(f)
567.238, 294.118(d), 272.091(k)
498.172, 272.089(k), 225.060(d), 143.046(b), 139.995
514.168, 378.808, 272.103(k), 241.068(d), 143.056(b)
589.219, 316.102(d), 306.077(i), 272.089(k), 210.089, 143.046(b), 128.045(f)
645.249, 306.094(i), 272.105(k), 210.089, 143.057(b), 128.046(f)
663.260, 390.157(d), 358.184(j), 306.093(i), 272.105(k), 210.089,
143.057(b), 128.046(f)
619.208, 408.012, 306.077(i), 272.958(k), 210.089, 143.057(b), 128.046(f)
633.223, 306.076(i), 272.088(k), 210.089, 143.057(b), 128.046(f)
634.306, 361.205(d), 306.095(i), 272.106(k), 210.091, 143.058(b), 128.046(f)
650.301, 377.199(d), 343.193(j), 306.094(i), 272.106(k), 210.091, 143.057(b), 128.046(f)
666.297, 393.195(d), 359.190(j), 306.094(i), 272.106(k), 210.091, 143.057(b), 128.046(f)
678.304, 306.095(i), 272.106(k), 210.091, 143.058(b), 128.046(f)

a

272.106(k), 254.094, 210.103, 179.059, 160.020, 143.058(b), 128.046(f)
272.089(k), 254.078, 210.088, 182.028(d), 143.045(b), 128.046(f)
272.088(k), 198.025 (d), 143.045(b), 128.045(f)
357.095(d), 272.089(k), 254.078, 143.046(b)
272.089(k), 143.046(b)
275.005(d), 272.095(k), 143.046(b)
565.055, 384.821, 306.080(i), 272.090(k), 194.950, 143.046(b)

Referenceb
Dahlin et al. (1984)
Xie et al. (2013)
Zhu et al. (2007)
Zhu et al. (2007)
na
Schneider &
DeCaprio (2013)
na
Meyer et al. (2014)
Meyer et al. (2014)
Meyer et al. (2014)
Meyer et al. (2014)
na
na
Todaka et al. (2005)
na
na
na
na
na
na
na
na

Molecular ion in bold; letters in parentheses refer to characteristic GSH fragments according to nomenclature of Xie et al. (2013).
Literature reference for previously reported adduct; na – not previously reported.

b

Figure 4. LC-QTOF-MS/MS spectra for the two GSH adduct peaks of interest observed for APAP; (A) m/z 455.089 and (B) m/z 471.119. The top, middle, and bottom
panel for each spectrum represents collision energies of 10, 20 and 40 eV, respectively. The use of multiple collision energies allowed for optimum generation of
identifying fragments.
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Figure 5. MS/MS spectra for all 12 previously unreported adducts. In online version, the molecular ion is represented in blue, GSH-specific peaks in green, and
structurally significant peaks for GSH-containing compounds in red. Letters in italics refer to characteristic GSH derived fragments. Proposed structures for 9 of the
12 adducts are also shown with GSH linkage indicated.

covalent adduction by the GSH thiol on the phenolic ring.
The presence of a “d” fragment at m/z 225.060 further supports the identity of the adducted drug moiety, as it corresponds to the mass of the moiety plus the sulfur of GSH.
The presence of a “k” fragment with m/z 272.089 and lack of
a detectable “i” fragment strongly indicates linkage of the
GSH sulfur to an aromatic carbon. The remaining “b” ion at
m/z 143.046 represents a GSH fragment.

MDPV3 is a second unreported GSH adduct for this compound. Similar to MDPV2, the [M–H]– ion at m/z 514.168 is
consistent with demethylenation, loss of the pyrrolidine ring
and covalent adduction of the GSH thiol. However, the precursor ion mass for MDPV3 also indicates addition of a
hydroxyl group, most likely on the alkyl chain moiety. This
interpretation is corroborated by the presence of a “d” ion
with m/z 241.068. Again, the presence of a “k” fragment at
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Figure 5. Continued.

m/z 272.103 along with the lack of an “i” fragment supports
an aromatic thiol linkage. The remaining “b” ion represents a
GSH fragment, while the ion at m/z 378.808 is unidentified.
Two naltrexone-GSH adducts were observed in the present study and are the first such derivatives reported in the
literature. For NAL1, a [M–H]– ion at m/z 645.249 is consistent
with unmodified precursor drug directly adducted to GSH.
The MS/MS spectrum clearly shows the presence of “k” ions
with lower intensities of “i” and “d” ions (Figure 5). While not

unequivocal, this pattern is most consistent with thiol conjugation to the benzene ring in naltrexone. The “f” and “b”
ions represent GSH fragments.
The MS/MS spectrum for NAL2 exhibits an [M–H]– ion at
m/z 663.260, which is most consistent with GSH conjugation
to a hydroxylated metabolite. This interpretation is also supported by the presence of a “d” fragment at m/z 390.157
and a “j” fragment at m/z 358.184. The similar relative abundances of the “k” and “i” ions along with the higher
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Figure 5. Continued.

abundance of “d” as compared to “j” ions suggest linkage of
the thiol sulfur of GSH to an aliphatic carbon in the drug
moiety (Xie et al., 2013). While Figure 5 shows one possible
structure consistent with these data, the position of the
hydroxyl group and C–S link cannot be unequivocally determined without additional information.
GSH adducts with oxycodone have not previously been
reported. In the present study, OXY1 exhibited a [M–H]– ion
at m/z 619.208, consistent with GSH adduction to parent

drug. The presence of an “i” fragment at m/z 306.077 at a
much higher abundance than the “k” ion at m/z 272.958,
along with the absence of a “d” ion, is strongly suggestive of
a GSH thiol linkage to a benzylic carbon. The determination
of a benzylic linkage is in agreement with the literature on
GSH adduct linkage sites (Xie et al., 2013). Based on these
data, a possible structure for the OXY1 adduct is shown in
Figure 5. Evidence for a second GSH-oxycodone adduct
(OXY2) was also obtained. The [M–H]– ion at m/z 633.223 is

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.

XENOBIOTICA

14 Da larger than the OXY1 species, suggesting GSH adduction to a metabolite of the drug. As with OXY1, the presence
of a high abundance “i” fragment at m/z 306.077 combined
with the lack of a “d” ion is strongly suggestive of a GSH
thiol linkage to a benzylic carbon. However, without additional data, a putative structure for this adduct is
not proposed.
GSH adducts of D9-tetrahydrocannabinol (THC) have not
previously been reported in the literature. The present study
identified four species consistent with covalent adduction of
GSH with THC, all proposed to result from modification of
THC metabolites oxidized at the 11 position or on the pentyl
chain of the parent drug. THC1 exhibited a [M–H]– ion at m/z
634.306, consistent with GSH adduction to 11-hydroxy-D9THC, a prominent metabolite of this cannabinoid (DinisOliveira, 2016). The presence of a major “d” ion at m/z
361.205 in addition to the “i” fragment further supports this
interpretation. The data most support a benzylic C–S linkage
between the drug moiety and GSH, based on the substantially
higher intensity of the “i” fragment as compared to that of
the “k” ion (Figure 5). However, due to the presence of a definite “d” fragment, an aliphatic linkage cannot be entirely
ruled out.
The THC2 moiety exhibited a [M–H]– ion at m/z 650.301,
which is consistent with conjugation of GSH with another
common THC metabolite, i.e. 11-nor-9-carboxy-D9-THC. This
interpretation is also supported by the presence of a “d”
fragment at m/z 377.199. The covalent linkage between the
drug moiety and the GSH sulfur is most likely aliphatic, since
the intensity of the “k” ion (at m/z 272.106) is higher than
that of the “i” fragment at m/z 306.094.
The structures of the detected adducts represented by
THC3 and THC4 are more speculative, as they appear to
involve adduction of secondary oxidized THC metabolites.
For example, THC3 exhibited a [M–H]– ion at m/z 666.297,
which would be consistent with GSH adduction to a
hydroxylated metabolite of 11-nor-9-carboxy-D9-THC, a conclusion further supported by the presence of the drug-specific “d” fragment at m/z 393.195. The lack of prominent “i”
ions in the spectrum suggests linkage of aromatic carbon to
the GSH sulfur. The MS/MS spectrum of THC4 exhibited a
[M–H]– ion at m/z 678.334, i.e. 38 Da higher than observed
for THC2. This observation would be consistent with GSH
adduction to a metabolite of 11-nor-9-carboxy-D9-THC containing a second carboxyl function. Furthermore, the appearance of “i” ions at much higher intensity than “k” ions, in
addition to the absence of “d” ions in this spectrum, suggests a linkage of the GSH sulfur to a benzylic carbon.
Nevertheless, additional data are required to identify the
exact nature of the metabolic modifications present in the
THC3 and THC4 adducts and the location of the C–S linkage
in each species.

Discussion
This research explored the capability of selected drugs of
abuse to form adducts with the tripeptide glutathione. The
formed adducts result from covalent bonds between the
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nucleophilic sulfur in GSH and an electrophilic site on the
parent drug or a metabolite. The formation of GSH-based
adducts with drugs of abuse has only been sparingly
reported in the literature, with available data limited to
cocaine (Schneider & DeCaprio, 2013), MDMA and MDPV
(Meyer et al., 2014), and morphine (Todaka et al., 2005). In
these examples, MDMA was the only compound with
reported GSH adducts formed by both the precursor drug
and a metabolite. While previous work with these drugs has
demonstrated the capability to form adducts with GSH, there
is clearly a lack of available information on this phenomenon
for other widely abused substances.
Of the 22 GSH adducts observed in this study, nine have
been previously reported in the literature (see Table 2 for
references). The structures reported previously have masses
which match closely with those observed in spectra collected
in the present study (Dahlin et al., 1984; Meyer et al., 2014;
Schneider & DeCaprio, 2013; Todaka et al., 2005; Zhu et al.,
2007). A direct comparison of our spectral data with previous
reports is possible for MDMA and MDPV, where negative
mode MS ionization and analysis was also utilized. MS/MS
data for fragments of GSH and GSH containing compounds
and molecular ion exact masses observed for MDMA1,
MDMA2, MDMA3 and MDPV1 in the present study agree
with the data previously reported with negative mode analysis (Meyer et al., 2014).
Manual metabolite prediction analysis suggested that, in
many cases, formation of the adduct is associated with an
“NIH shift” pathway. There are several proposed mechanisms
by which an NIH shift may occur, however, the prevailing
theory, which has been experimentally corroborated, involves
formation of an unstable epoxide which then undergoes a
hydride shift (Jerina & Daly, 1974; Ortiz de Montellano &
Nelson, 2011). While this process is typically followed by a
rearomatization step, in situations where GSH or a similar
nucleophile is present, rearomatization is not always seen
(Guengerich, 2003).
Plausible structures are proposed for the majority of the
previously unreported adducts identified in the present
study, based upon HRMS accurate mass and MS/MS data
and likely metabolic transformations. However, for the OXY2,
THC3 and THC4 adducts, the available data were insufficient
to propose a structure with a high degree of confidence. The
fragmentation patterns suggest that both OXY2 and THC4
have benzylic covalent thiol linkages, while THC3 likely contains an aromatic linkage. The molecular ion masses of THC3
and THC4 seem to suggest further metabolic modifications
to the metabolite 11-nor-9-carboxy-D9-THC prior to covalent
adduction with GSH, such as a hydroxylation or further carboxylation. OXY2 also appears to have undergone additional
metabolic modification prior to adduction, although the
exact steps are unclear.
While NAL1 and OXY1 have an adduct mass which corresponds to the parent drug directly bound to GSH without
any other modifications, the other structures proposed for
GSH adducts in Table 2 represent adducts formed by one or
more primary metabolites of the drug. One of the initial
metabolic steps is likely to be hydroxylation, as is consistent
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with the proposed structures for CLZ1, DZP1, MDPV3 and
NAL2. Hydroxylations are common oxidative steps in the
metabolic pathways of CLZ, DZP and MDPV, although this
pathway has not been reported for NAL (de Almeida et al.,
2015; Schaber et al., 1998; Yamada et al., 2005).
Structures consistent with bond cleavage within the drug
moiety were also observed for three of the adducts. CLZ3 is
proposed to have lost the piperazine ring in addition to
undergoing hydroxylation and rearomatization. While this
particular metabolite has not previously been reported in the
literature, there have been observations of modifications to
the piperazine ring in CLZ, indicating that it may be a site of
potential metabolic processes resulting in loss of piperazine
ring (Dragovic et al., 2013). Loss of a piperazine ring has
been exhibited in the metabolism of other heterocycle containing compounds such as aildenafil (Li et al., 2014).
Formation of MDPV2 is associated with loss of the methylene bridge and pyrrolidine moiety (via oxidative deamination) in addition to rearomatization, while MDPV3 may form
via the same process in addition to a hydroxylation on the
resultant alkyl chain. Demethylenation, common to either the
orthocatechol or orthoquinone, and oxidative deamination of
methylenedioxy type drugs has been reported in the literature (Meyer & Maurer, 2010; Yamada et al., 2005). The orthoquinone formed by some methylenedioxy drugs has been
reported to be the reactive metabolite responsible for toxicity
(Kalgutkar et al., 2005). As mentioned previously, some of the
drugs underwent a rearomatization step following GSH
adduction and NIH shift (CLZ1, MDPV1, MDPV2, NAL1, OXY1,
THC1 and THC2) while others did not (DZP1 and NAL2). This
observation is similar to what has been generally reported in
the literature involving NIH shifts (Guengerich, 2003).
GSH adducts with D9-THC have not been previously
reported. The proposed structures for THC1 and THC2 are
consistent with adducts formed from the stable metabolites
11-OH-D9-THC and 11-nor-9-carboxy-D9-THC, respectively,
with direct binding to GSH. The fragmentation patterns and
peak ratios discussed in the Results section indicate the thiol
linkages appear to be benzylic for THC1 and aliphatic for
THC2. The fact that these adducts are consistent with the
stable metabolites implies that there may be a reactive intermediate formed, allowing for electrophilic interactions with
the thiol moiety from GSH.
For the MS analysis of the GSH compounds in the present
study, negative mode scanning was utilized. This was chosen
primarily to facilitate analysis of adducted GSH fragmentation. GSH fragmentation patterns in negative mode are wellestablished in the literature, and in fact have been studied
for a variety of covalent adducts, including those with aromatic, aliphatic and benzylic linkages (Dieckhaus et al., 2005;
Xie et al., 2013). The observed transitions also provided more
prominent and clearer ion signals than those following initial
analyses utilizing positive mode scanning. Additionally, many
of the parent drugs included here do not produce prominent
molecular ions or fragment ions in negative mode, thus minimizing potential interferences due to coelution with
unreacted drug present in the assay mixture at significantly
higher concentrations than the formed adducts.

While positive mode analysis of the novel GSH adducts
could provide additional data for structural confirmation, preliminary use of positive mode for several of the drugs in the
present study did not provide useful fragmentation data. As
other authors have reported, positive mode ionization is not
always helpful for characterization of GSH adducts, particularly with certain drugs where doubly charged [M þ 2H]þ
ions are formed, as these do not allow for the neutral loss
analysis which is generally utilized in positive mode GSH
studies (Dieckhaus et al., 2005). Although negative ionization
mode alone did not provide the data necessary for complete
structural analysis of all adducts, this approach did provide
sufficient information to determine a plausible adduct structure for most of the drugs under study. Unequivocal structural confirmation, including identification of regioselectivity
of adduct formation where present, will require additional
work with synthetic standards and further analysis by HRMS
and definitive techniques such as NMR.
The present work utilized in vitro reactive metabolite trapping assays to generate adducts of GSH and a number of
common drugs of abuse. The ability of many of these compounds and metabolites to bind to GSH has implications for
both toxic mechanisms of action and approaches to longerterm exposure biomonitoring for these drugs. The data also
suggest that many of these drugs have the potential to bind
to protein thiols in vivo. This phenomenon may have important implications for longer-term biomonitoring of abused
drugs, where analysis of such adducted protein could be
usefully applied in areas of drug testing and forensic toxicological analysis. At the present time, hair analysis is the only
available method for long-term detection of illicit drug use.
However, hair analysis suffers from methodological and interpretive challenges, and the mechanisms by which most
drugs incorporate into hair are not clearly established
(Wennig, 2000). Current work in this laboratory is focused on
assessing thiol modification in human proteins by reactive
metabolites of abused drugs and developing technology for
routine monitoring of such modifications as an alternative to
hair analysis.
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