Forensic Toxicology (2020) 38:352-364
https://doi.org/10.1007/511419-019-00521-x

ORIGINAL ARTICLE q

Check for
updates

Mass spectrometric characterization of carfentanil metabolism
in human, dog, and rat lung microsomes via comparison to chemically
synthesized metabolite standards

Li Kong'® - Andrew J. Walz'

Received: 15 November 2019 / Accepted: 28 December 2019 / Published online: 21 January 2020
© Japanese Association of Forensic Toxicology 2020

Abstract

Purpose The metabolism of carfentanil was assessed using human, dog, and rat pulmonary microsomes. Mass spectrometry
based analysis allowed for metabolite identification and species differentiation. Participation of different metabolic enzymes
in carfentanil biotransformation was also assessed.

Methods Metabolite profiling was accomplished by incubating 10 uM carfentanil in human, dog, and rat lung micro-
somes. The metabolites were separated and analyzed by ultra-high performance liquid chromatography/high-resolution
mass spectrometry.

Results In total, 18 metabolites were detected. Nine metabolites were authentically identified through comparison to syn-
thesized reference standards. In human lung microsomes, nine metabolites were identified. In dog lung microsomes, 15
metabolites were identified with three being dog specific. In rat lung microsomes, 15 metabolites were identified and two
were rat specific. Proposed metabolic pathways included N-dealkylation, monohydroxylation, dihydroxylation, N-oxidation
of piperidine ring nitrogen, and ketone formation. Participation of enzymes CYP2B6, CYP2E1, CYP2J2, and CYP3A4/5
to carfentanil metabolism was suggested by selective enzymatic inhibition.

Conclusions The pulmonary clearance in human lung microsomes was lower than the previously reported hepatic metabo-
lism suggesting organ specific metabolic rates. The contribution of multiple cytochrome P450 enzymes to human, dog, and
rat pulmonary microsomal carfentanil biotransformation varied between species. The identified metabolites may provide
useful markers for possible forensic and clinical determination of the mode of ingestion but the use of dog and rat animal
models was not indicated. To our knowledge, this is the first reported use of chemically synthesized reference standards for
the unequivocal identification of lung carfentanil metabolites.

Keywords Carfentanil - Lung microsomes - Metabolite identification - Selective CYP enzyme inhibitor - Ultra-high
performance liquid chromatography - High-resolution mass spectrometry

Introduction

Carfentanil is the most potent synthetic opioid with activ-
ity 10,000 times that of morphine and 20-30 times that of
fentanyl [1-3]. It is approved for use in veterinary medi-
cine to immobilize free-ranging or confined large animals
Electronic Supplementary material The online version of this [4, 5]' Pharmacologlcal Studles have been reported in not
article (https://dm,org/IO.1097/5:1 1419—019—00521—)(? contains only animals but also in humans [5-10]. [HC] labeled
supplementary material, which is available to authorized users. . . ) .
carfentanil has been applied, in human studies, to map
04 Li Kong brain u-opioid receptors, investigate pain mechanisms,
li.kong.civ@mail.mil and examine opioid dependence [11-14]. Additionally,
carfentanil and remifentanil were identified as possi-
Research and Technology Directorate, Combat Capabilities . . P .
Development Command Chemical Biological Center, U. S. ble components in an aerosol used by Russian security
Army, Aberdeen Proving Ground, MD 21010-5424, USA forces to resolve a terrorist theater siege in 2002 [15,
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16]. That fact combined with the inhalation risk posed to
law enforcement through illicit carfentanil production/
distribution and the increased illicit use of carfentanil
in humans [17-20] suggested that an examination of the
biological transformation of carfentanil by lung tissue
was merited.

The lung is a pharmacologically active organ which
can absorb, retain, metabolize, and release many drugs
and compounds [21, 22]. Not only may drugs undergo
first-pass metabolism in the lung after inhalation but
also following oral or intravenous administration since
the lung is an efficient organ for extracting drugs from
blood circulation [21, 23]. While lung metabolic rates
are generally much slower than the intestinal-hepatic
rates, the same metabolic enzymes (CYP2B, CYP2E,
CYP2J, and CYP3A) are also expressed in the lung [21,
23-25]. These characteristics suggest that the lung plays
an important role in systemic drug elimination and that
lung tissue may produce unique drug metabolites [26].
While there is a report on the metabolism of carfentanil
by human liver microsomes and hepatocyte [27], no stud-
ies on carfentanil lung metabolism have been published.
Furthermore, studies suggest that species differences exist
in the catalytic activities of cytochrome P450 enzymes
[28]. An examination of these potential differences could
aid in the development of animal models for human drug
pharmacokinetics and potential metabolite toxicity.

High-resolution mass spectrometry (HRMS) has been
employed as a reliable and powerful analytical technique
for drug metabolism studies in terms of metabolites iden-
tification from biological matrices. Most drug metabolic
studies rely upon putative annotation of metabolite struc-
tures due to the significant efforts required to confirm
the proposed structures through chemical synthesis. To
differentiate the potential isomers in this study, previ-
ously synthesized liver metabolites of carfentanil were
employed as standards for definitive lung metabolite iden-
tification [29].

Furthermore, the ability of human, dog, and rat lung
microsomes to metabolize carfentanil has been assessed
and the structures of carfentanil metabolites have been
proposed. A preliminary examination of the roles of spe-
cific cytochrome P450 enzymes in the metabolic pathway
of carfentanil was also accomplished through the use of
known cytochrome P450 chemical inhibitors. Cytochrome
P450 enzymes to be examined were selected based on pre-
viously demonstrated expression in human lung [21, 25,
30]. Thus, CYP2B6, CYP2E1, CYP2J2, and CYP3A4/5
were considered to be the cytochrome P450 enzymes most
likely to be active in the human pulmonary biotransfor-
mation of carfentanil. Moreover, the activity levels of
isozymes were also analyzed in dog and rat lung micro-
somes in order to evaluate interspecies variations.

Materials and methods
Chemicals and reagents

Carfentanil citrate, carfentanil-d; citrate, metabolites M1,
M7, M9, M10, M11, M13, M15, M17, and M18 were
synthesized at Combat Capabilities Development Com-
mand Chemical Biological Center [29]. Ketoconazole,
ticlopidine, telmisartan, diethyldithiocarbamate, NADPH
(p-nicotinamide adenine dinucleotide 2'-phosphate
reduced tetrasodium salt hydrate), magnesium chloride,
ammonia formate, and formic acid were purchased from
Sigma-Aldrich (St. Louis, MO, USA); OmniSolv® LC-MS
acetonitrile and high purity water (B and J brand) from
VWR International (Radnor, PA, USA); pooled mixed
gender human, male beagle dog, and male IGS SD rat
lung microsomes from Sekisui XenoTech, LLC (Kansas
City, KS, USA) and stored at — 80 °C until use. All other
agents were of highest grade available.

Incubation of carfentanil with pooled human, dog,
and rat lung microsomes

Carfentanil (10 uM) was incubated in 200 pL of a reaction
solution containing 0.1 M potassium phosphate buffer (pH
7.4), 3 mM MgCl,, 2 mg/mL of human, dog, or rat lung
microsomal protein. After 5 min at 37 °C, 2 mM NADPH
was added to initiate the reaction. The reactions were
performed in triplicate, and a control reaction, without
lung microsomes, was performed in duplicate. Each reac-
tion was run for 30, 60, 90, 120, and 180 min, and then
quenched by the addition of an equal volume of ice-cold
acetonitrile containing internal standard (1 pM carfenta-
nil-ds). The incubation mixtures were vortexed and then
centrifuged at 2250Xg for 10 min. The supernatants were
frozen and stored at — 80 °C until analysis.

Chemical inhibition study was achieved by adding P450
inhibitors into the incubation mixtures containing carfen-
tanil (10 pM) and lung microsomes of human, dog, and
rat (2 mg/mL) system as described above for carfentanil
biotransformation assay. The P450 inhibitors and concen-
trations were selected on the basis of previous reports and
were as follows: CYP2B6 (ticlopidine, 50 uM) [31, 32],
CYP2EI1 (diethyldithiocarbamate, 50 uM) [33], CYP2J2
(telmisartan, 20 uM) [34], and CYP3A4/5 (ketoconazole,
3 uM) [35]. Reactions were initiated with NADPH after
initial preincubation of microsomes with carfentanil and
P450 inhibitor for 10 min at 37 °C. Inhibition experiments
were conducted in triplicate with replicate incubations.
Inhibition was measured and calculated as the percentage
relative to control samples which had no inhibitors added.
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Semiquantitative analysis of carfentanil and its metabolites
was accomplished by calculating the relative peak areas of
carfentanil and the resulting metabolites against that of the
internal standard carfentanil-d; using full scan HRMS and the
results are expressed as a percentage of the control.

Ultra-high performance liquid chromatography-
high resolution mass specstrometry conditions

Ultra-high performance liquid chromatography—high-resolu-
tion mass spectrometry (UHPLC-HRMS) was performed on
a Thermo Fisher Scientific Ultimate 3000 HPLC system cou-
pled to an Orbitrap Fusion Tribrid mass spectrometer (Orbit-
rip Fusion TMS; Thermo Fisher Scientific, Waltham, MA,
USA). Metabolite separation was achieved using a Kinetex®
EVO C18 column (100X 2.1 mm i.d., 1.7 um particle size,
100 A pore size; Phenomenex, Torrance, CA, USA) at a flow
rate of 280 pL/min. Mobile phase A was 10 mM ammonium
formate aqueous solution with 0.1% formic acid and mobile
phase B was acetonitrile with 0.1% formic acid. The elution
gradient was as follows: O—1 min, an isocratic elution of 5%
B; 1-10 min, a linear gradient to 40% B; 10—14 min, a lin-
ear gradient to 95% B; 14—15.7 min, an isocratic elution of
95% B; 15.8 min, a gradient back to 5% B. The total run time
was 17 min. The injection volume was 5 uL.. The autosampler
chamber was maintained at 4 °C with a column temperature
at 30 °C.

Heated electrospray ionization (HESI) was utilized in the
positive ion mode, and carfentanil and its metabolites were
analyzed from m/z 100 to 800. Orbitrap Fusion TMS had
two fragmentation techniques, collision induced dissociation
(CID) and higher-energy collisional dissociation (HCD). In
this study, HCD was used as the fragmentation technique. The
parameters used for the mass spectrometer were as follows:
spray voltage, 4100 V; sheath gas flow rate, 40 respective
arbitrary units; auxiliary gas flow rate, 20 respective arbi-
trary units; ion transfer tube temperature, 325 °C; vaporizer
temperature, 300 °C; MS' detector, Orbitrap; MS! resolution,
120,000; MS' scan range, 100-800; MS' maximum injec-
tion time, 100 ms; MS' automated gain control (AGC) target,
100,000; S-lens radio frequency level, 60 V; MS2 HCD col-
lision energy, 30%; MS? detector, Orbitrap; MS?2 resolution,
60,000; MS2 AGC target, 50,000; MS? maximum injection
time, 35 ms; MS? start mass, 50. In all experiments active
internal mass calibration was employed during the analysis.
Xcalibur Qual and Quan Browser software (Thermo Fisher
Scientific) were used for the qualitative and semiquantitative
analysis.
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Results

Biotransformation of carfentanil by human, dog,
or rat lung microsomes

Metabolism of carfentanil in human, dog, and rat lung
microsomes resulted in 9, 15, and 15 metabolites, respec-
tively (Fig. 1). Metabolites were not observed in control
samples indicating that metabolite formation was enzyme-
dependent. The HRMS provided the accurate molecular
weights of carfentanil metabolites, and the molecular for-
mulae could be deduced. Proposed structural information
was elucidated through analysis of the product ion scans
using MS/MS. Table 1 lists the following information: all
metabolites with proposed biotransformation, UHPLC
retention times, microsomal source, elemental composi-
tion of protonated molecules, measured mass, and mass
error. Metabolites were labeled “M” followed by a number
referencing the order of elution. The structures of metabo-
lites M1, M7, M9, M10, M11, M13, M15, M17, and M18
were confirmed using synthetic reference standards.

Product ion formation of carfentanil

Prior to characterizing the metabolites, the mass char-
acteristics of carfentanil were investigated. In the posi-
tive ion mode, carfentanil formed a protonated molecule
[M +H]* at m/z 395.23353, which yielded characteristic
product ions at m/z 105.06991, 113.05975, 134.09642,
146.09644, 186.12768, 202.12262, 246.14873, 279.18538,
and 335.21156, as shown in Fig. 2. The base peak at
m/z 335.21156 was formed by the loss of a carbometh-
oxy. Product ion at m/z 279.18538 was generated by
loss of both the carbomethoxy group and propanone.
The ion at m/z 246.14873 resulted from loss of the
N-phenyl-propionamide.

Metabolite identification
Norcarfentanil (M1)

MI eluted at 8.28 min with an accurate protonated mol-
ecule [M +H]* at m/z 291.17015. N-Dealkylation was
demonstrated by the complete loss of the phenethyl sub-
structure indicated by the absence of m/z 105.06991,
134.09642, and 186.12768 (Figs. 2, 3). M1 was confirmed
by reference standard (Fig. 3).
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Fig.1 Combined extracted ion chromatograms of carfentanil and metabolites in a human, b dog, and c¢ rat lung microsomes. NL normalized

level

Monohydroxylated metabolites M7, M9, M10, M11,
and M13

M7, M9, M10, M11, and M13 were generated by mono-
hydroxylation. M7 was formed by hydroxylation at
the N-propanoic group based on the presence of m/z
218.11749 and the preservation of the phenethyl (m/z
105.06989, 134.09643), piperidine (m/z 186.12764),
and N-phenyl (m/z 158.09641) containing product ions.
M7 was confirmed by reference standard (Suppl. Fig.
S1). M9, M10, M11, and M13 were hydroxylated at the

phenethyl moiety based on product ions at m/z 121.06478,
150.09128, and 162.09132. These product ions incorpo-
rate the phenethyl containing precursor fragments at m/z
105.06991, 134.09642, and 146.09644 with an additional
oxygen atom. Separation of the ortho (M13), meta (M10),
and para (M9) isomers was accomplished and the struc-
tures were confirmed by reference standards (Suppl. Fig.
S1). The hydroxylation of M11 occurred on the phenethyl-
linker which was also confirmed by reference standard
(Suppl. Fig. S1).

@ Springer
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N-Oxidation metabolites M17 and M18

M17 and M18, with accurate protonated molecules [M +H]*
at m/z 411.22769 and 411.22763, were eluted after the par-
ent at 12.56 and 12.68 min (Fig. 1) which was a consistent
elution pattern for N-oxides [36]. M17 and M18 (Suppl.
Fig. S2) were identified as trans- and cis-diastereoisomeric
N-oxides of the piperidine nitrogen as indicated by prod-
uct ions at m/z 230.11750, 262.14357, and 303.17007.
Product ions at m/z 105.06993 and 274.14361 indicated an
unmodified phenethyl moiety and unchanged N-propanoic
moiety, respectively. The ions at m/z 262.14357 indicated
the N-oxide product of parent product ion at m/z 246.14873
(Fig. 2). Both M17 and M18 were confirmed by reference
standards (Suppl. Fig. S2).

150.09129, 202.12257,
230.11742, 244.13304,
247.14391, 262.14352,

274.14353, 303.16998,

355.20128
105.06990, 134.09638,

150.09127, 202.12255,
230.11736, 244.13301,
262.14352, 274.14353,
303.16998, 335.21145,

105.06991, 132.08074,
379.20118

-1.29
-1.12

Other metabolites

Eight secondary metabolites M2, M3, M4, M6, M8, M12,
MI14, and M16 were generated by either an additional
hydroxylation or an additional N-oxidation. M2 [reten-
tion time (RT): 8.40 min], M3 (RT 8.73 min), and M4 (RT
9.06 min) possibly resulted from further hydroxylation of
M7 on the phenethyl group or further hydroxylation of M9,
M10, M11, or M13 on the N-propanoic moiety indicated by
the same characteristic ions of m/z 262, 295, and 367 (m/z
351+ 16) (Suppl. Fig. S3).

The fragment ions at m/z 166.08618 (134 + 32),
178.08623 (146 +32), and 248.12812 of M6 indicated
dihydroxylation of the phenethyl group, while ions at m/z
278.13855, 311.17537, and 367.20137 indicated a second
hydroxylation of the characteristic ions at m/z 262, 295, and
351 of M9, M10, M11, or M13.

Metabolite M8 had a characteristic ion at m/z 105.06992
which indicated an unmodified phenethyl moiety. However,
product ions at m/z 290.13858 and 319.16505 could result
from N-oxidation (diagnostic ions at m/z 274 and 303 with
a mass shift of hydroxylation). Since hydroxylation on the
phenethyl moiety was ruled out, the hydroxylation was pro-
posed on the N-propanoic moiety.

Metabolites M12, M 14, and M16 shared the same diag-
nostic ions for N-oxidation at m/z 274 and 303. Because the
hydroxylation of M8 was proposed on N-propanoic moiety,
the second hydroxylations of metabolites M12, M 14, and
M16 were proposed on the phenethyl moiety (Suppl. Fig.
S3).

M5 (m/z 397.21218, RT 9.17 min) may be produced by
ester hydrolysis of M7, based on the mass shift of 14.01622,
corresponding to methyl group loss. The presence of prod-
uct ion at m/z 232.13311 (Suppl. Fig. S4) indicated ester
hydrolysis of the precursor ion at m/z 246.14848 of M7
(Suppl. Fig. S1).

Precursor ion (m/z) Mass error (ppm) Diagnostic product ions (m/z)

411.22836
411.22829

tion of molecular ion

[M+H]*
C24H3 1 N204+

CyuH N0,

RT (min) Lung microsomes Elemental composi-

12.56
12.68

Precursor & Metabolites Biotransformation

Table 1 (continued)
RT retention time
4Reference standard

M172
M18*
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Fig.3 MS/MS spectrum of M1 and identified product ion structures

M15 (m/z409.21201, RT 11.60 min) was the only ketone
metabolite identified and was confirmed by synthesized
reference standard. Suppl. Fig. S5 and Table 1 shows the
identified fragmentation ions and it is proposed to be the
dehydrogenation product from metabolite M11 (Fig. 4).

Metabolic pathways and interspecies comparison

In the presence of NADPH, when carfentanil was incu-
bated with lung microsomes of human, dog, and rat for
up to 3 h, there were 9.4, 15.9, 21.7% loss of carfenta-
nil (Fig. 5), respectively, indicating that carfentanil was
metabolically less active in lung microsomes than in liver
microsomes. The incubation resulted in 18 metabolites
being detected. M1, M7, M9, M10, M11, M13, M15,
M17, and M18 were confirmed by comparison with refer-
ence standards. All other proposed structures are tenta-
tive and need further verification. Based on the identified
metabolites, the metabolic pathways are proposed as seen

@ Springer

in Fig. 4. The predominant metabolic pathways of carfen-
tanil in lung microsomes involved N-dealkylation, ester
hydrolysis, hydroxylation, dihydroxylation, N-oxidation,
and ketone formation. M17, M9, and M11 were identi-
fied as the primary metabolites in human, dog, and rat
lung microsomes, respectively (Fig. 5). In human lung
microsomes, the three major metabolic pathways were
N-oxidation of piperidine, N-dealkylation, and hydroxy-
lation on the phenethyl-linker, respectively. These three
major pathways resulted in the formation of the three most
abundant metabolite M17, M1, and M11 and accounted
for 0.96, 0.39, and 0.29% of initial amount of carfentanil
(Fig. 5). Therefore, both M17 and M11 could be used as
biomarkers for the detecting of the illicit use of carfentanil
in humans. In dog and rat, hydroxylation at the phenethyl
moiety was the major pathway. Metabolites M9 and M11
were predominant metabolites in dog and rat lung micro-
somes, and accounted for 4.85 and 6.03% of initial amount
of carfentanil, respectively (Fig. 5).
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To assess the involvement of the major constitutive CYP
enzymes in the metabolism of carfentanil, ticlopidine,
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diethyldithiocarbamate, telmisartan, and ketoconazole
were used as selective inhibitors. As shown in Table 2, the
approximate percent inhibition by ticlopidine (specific for
CYP2B6), diethyldithiocarbamate (specific for CYP2E1),
telmisartan (specific for CYP2J2), and ketoconazole (spe-
cific for CYP3A4/5) was as follows: 46, 34, 28, and 15% in
human lung microsomes; 35, 31, 31, and 40% in dog lung
microsomes; and 40, 36, 52, and 65% in rat lung micro-
somes, respectively. The involvement of other CYP enzymes
was not considered because they were not detected or had
no reported metabolic activity in human lung tissue [21].
Furthermore, CYP1A1 was not considered because it has
only been expressed in the lung tissue of smokers [21,
23]. The data demonstrated varied levels of inhibition in
the three species examined. Even with the relatively slow
rate of carfentanil metabolism in human, dog, and rat lung
microsomes, enzyme-specific contributions were seen. Fea-
sel et al. [27] reported that carfentanil is rapidly metabo-
lized in human liver microsomes with CYP3A4 as the likely
predominant metabolic enzyme. Chemical inhibition in this
work indicated the likely involvement of CYP3A4/5 and also
the involvement of 2B6, 2E1, and 2J2 in the metabolism of
carfentanil in lung microsomes of human, dog, and rat. The
human lung microsome inhibition data suggested a major
role for CYP2B6 with a lesser role for CYP3A4/5. However,
the addition of ketoconazole resulted in 40% and 65% inhi-
bition of carfentanil metabolism in dog and rat lung micro-
somes indicated that CYP3A4/5 mediated metabolism were
more dominant in dog and rat. These results further indicate
that these animals would not be appropriate to serve as the
surrogate human model for the evaluation of the potential
drug—drug interactions in vivo.

Discussion

Investigation of carfentanil metabolism in human liver
microsomes and hepatocytes resulted in 12 identified metab-
olites with norcarfentanil and hydroxylation of piperidine
ring as the two most abundant metabolites [27]. Feasel et al.
[27] suggested that the rapid clearance in human liver micro-
somes (HLM), but much slower one in hepatocytes could
be due to a larger volume of distribution and plasma protein
binding.

Compared with metabolism in HLM and hepatocytes
[27], the loss of carfentanil as a function of time sug-
gested that carfentanil was transformed more slowly in lung
microsomes of human, dog, and rat, but comparable to the
reported metabolic rate in human hepatocytes. Metabolites
M1, M7, M9, M12, M14, M15, M16, M17, and M18 were
detected in human hepatocytes [27] and in this study. Metab-
olites M2, M3, M4, M5, M6, M8, M10, and M13 were newly
identified metabolites, which were not observed in the liver
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microsomes. Furthermore, previously reported liver metabo-
lites including piperidine ring monohydroxyaltion and phase
IT glucuronidation were not detected in any of the examined
lung microsomes and the lung S9 fraction (data not shown)
from the same three species. These results demonstrate that
variation exist between liver and lung metabolic rate and
also in the metabolic profile.

The aim of a preclinical metabolic study is to provide
background data for the possible employment of animals
for toxicological experiments. Species dependent metabolic
difference have been frequently observed, which complicates
cross-species extrapolation to predict the human pharma-
cokinetics of drugs and to assess risk for drug-drug inter-
action [28, 37]. In the current study, rat lung microsomes
showed the fastest metabolism (Fig. 5) and their high extra-
hepatic clearance resulted in 15 metabolites being detected
(Table 1). M11 was the most abundant metabolite and M4
and M16 were rat-specific. In dog lung microsomes, car-
fentanil showed moderate metabolism which led a total of
15 metabolites being detected. Among them, M2, M3, and
M8 were specifically found in dog (Table 1). In human lung
microsomes, carfentanil showed slowest metabolism and
nine metabolites were detected. The data indicate that sig-
nificant differences exist among the dog, rat, and human lung
metabolic profile, thus prohibiting the use of dog or rat as
animal model to predict human pharmacokinetic behavior
of carfentanil.

The relative contributions of individual P450 enzymes to
the biotransformation of carfentanil in human, dog, and rat
lung microsomes were studied using selective P450 chemi-
cal inhibitors (Table 2). The present study clearly established
that several CYP450 isozymes contribute to carfentanil bio-
transformation in human, dog, and rat lung microsomes, and
the relative contributions of these enzymes vary among spe-
cies based on the specific inhibition of carfentanil metabo-
lism by selective CYP450 inhibitors. As opposed to the pre-
dominant role of CYP3A4 in carfentanil hepatic metabolism
[27], CYP2B6 appears to play a significant role in carfen-
tanil metabolism in human lung. Other CYP450 isozymes,
including CYP 2E1, 2J2, and 3A4/5, appear to play minor
roles. These observations indicated the presence of tissue
specific differences between human lung microsomal and
liver microsomal carfentanil metabolic profiles.

It should be noted that the p-opioid receptor (MOR)
activity of synthesized carfentanil and it primary metabo-
lites from human liver microsomes has been reported by our
group very recently [29]. The ECs, values (nM) of the par-
ent compound and some of the metabolites were as follows:
carfentanil (0.0049), M1 (17), M7 (0.28), M9 (0.028), M10
(0.014), M11 (0.0051), M13 (0.0024), M15 (0.20), and M17/
M18 (4.4). The MOR activity of M11 was nearly identical to
the parent carfentanil, while M 13, which was detected in the
human lung but not in the liver metabolic studies, was twice
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as active as the parent compound. While high protein bind-
ing and a larger volume of distribution might contribute to
the longer half-life of carfentanil in hepatocytes, its duration
of action may be enhanced by the active metabolites (M11
and M13). These active metabolites may also contribute to
enhancing the toxicity of carfentanil.

Conclusions

The increased illicit use of carfentanil in humans [17-20]
has heightened the need for more detailed characterization
of its metabolic biotransformation. The metabolic profiles
of carfentanil in human, dog, and rat lung microsomes were
investigated and the metabolites were identified by UHPLC-
Orbitrap Fusion MS using chemically synthesized reference
standards. A total of 18 metabolites were detected with 8
being newly identified. In addition, we could successfully
separated the three ortho-, meta-, and para-hydroxylated
isomers and also a trans- and cis-diastereoisomeric N-oxide
pair of metabolites. M17 was the most abundant metabolite
in human lung microsomes. M9 was the most abundant in
dog and M2, M3, and M8 were specifically detected in dog
lung microsomes. M11 was the most abundant metabolite
in rat and M4 and M 16 were rat-specific.

Even though norcarfentanil (M1), one of the three major
metabolites, is a good indicator to carfentanil exposure, but
is not exclusive to carfentanil, e.g., remifentanil shared the
same metabolite. Containing the entire carfentanil struc-
ture, metabolite M17, N-oxide of the piperidine nitrogen,
and M11, hydroxylation on phenethyl-linker, were the other
two most abundant metabolites of carfentanil in human lung
microsomes, and thus could serve as forensic biomarkers of
carfentanil. This study provides valuable information on the
in vitro biotransformation of carfentanil and the identified
metabolites data will aid clinical laboratories in targeting
additional markers of carfentanil intake.
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