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RATIONALE: The recent discovery of resveratrol’s capability to inhibit cAMP-specific phosphodiesterases (PDEs) and, as
a consequence, to enhance particularly the activity of Sirtl in animal models has reinforced the interest of preventive
doping research organizations, especially in PDE4 inhibitors. Among these, the archetypical PDE4-inhibitor rolipram
significantly increased the number of mitochondria in laboratory rodents, which further demonstrated a performance
increase in a treadmill-test (time-to-exhaustion) of approximately 40%. Besides rolipram, a variety of new PDE4-
inhibiting substances including cilomilast, roflumilast, and numerous additional new drug entities were described, with
roflumilast being the first-in-class having received clinical approval for the treatment of chronic obstructive pulmonary
disease (COPD). Due to the availability of these substances, and the fact that a misuse of such compounds in sport cannot
be excluded, it deems relevant to probe for the prevalence of these compounds in sports drug testing programs.
METHODS: Known urinary phase-I metabolites of rolipram, roflumilast, and cilomilast were generated by in vitro
incubations employing human liver microsomal preparations. The metabolites obtained were studied by liquid
chromatography with high-resolution/high-accuracy tandem mass spectrometry (LC/MS/MS) and the reference
product ion mass spectra of established and most relevant metabolites were utilized to provide the information necessary
for comprehensive doping controls. The analytical procedure was based on conventional routine doping control assays
employing enzymatic hydrolysis followed by liquid-liquid extraction and subsequent LC/MS/MS measurement.
RESULTS: Structures of diagnostic product ions and dissociation pathways of target analytes were elucidated, providing
the information required for implementation into an existing test method for routine sports drug testing. The established
method allowed for detection limits for the intact drugs of 1-5 ng/mlL, and further assay characteristics (intraday
precision 1.5-13.7%, interday precision 7.3-18.6%, recovery 20-100%, ion suppression/enhancement, and specificity)
were determined. In addition, proof-of-concept analyses concerning roflumilast were conducted with a urine sample
obtained from a COPD patient under roflumilast treatment. Copyright © 2013 John Wiley & Sons, Ltd.

The search for resveratrol’s route of action concerning its
ability to mimic calorie restriction has led to numerous
controversies and debates, resulting in comprehensive
research programs, particularly targeting mammalian
sirtuins.!! Very recently, the inhibiting effect of resveratrol
on phosphodiesterase 4 (PDE4) (Fig. 1 (1)), which interferes
with the conversion of 3’-5’-cyclic adenosine monophosphate
(cAMP) into AMP, was discovered and has since been
considered the missing piece of the puzzle allowing
explanation of the beneficial effects of resveratrol (e.g.
extended life span and improved fat utilization) in animal test
models.*?! Comprehensive and detailed follow-up studies
concerning the cascade of consequences associated with
PDE4 inhibition, particularly in muscle cells, corroborated
the postulated mechanisms that eventually result in increased
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mitochondrial biogenesis and function associated with
improved fat utilization and, last but not least, enhanced
exercise performance. Employing synthetic PDE4-specific
substances such as rolipram (Fig. 1 (2)), an archetypical
PDE4 inhibitor, comparable effects were observed,
transferring approved drugs and drug candidates of this
category inevitably into the focus of sports drug testing and
preventive doping research organizations. Besides rolipram,
a considerable number of at least 50 candidates has been
introduced as potential therapeutic agents;*! however, to date
only one (roflumilast, Fig. 1 (3)) has received clinical approval
for the treatment of chronic obstructive pulmonary disease
(COPD),[S’G] the field of particular relevance for PDE4
inhibition.”! Further, cilomilast (Fig. 1 (4)) has advanced to
phase-TII clinical trials'®! and various alternative structures
in pre-clinical or early clinical development have recently
been summarized in a comprehensive review.!*!

In the present study, the mass spectrometric characterization
of the PDE4 inhibitors rolipram, roflumilast, cilomilast, and
corresponding phase-I and phase-II metabolic products by
means of high-resolution/high-accuracy mass spectrometry
(MS) has been reported. In order to efficiently screen for
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Figure 1. Chemical structures of (1) resveratrol (C;4H;,0;,
mol wt=228), (2) rolipram (C;6H>;NOs, mol wt=275), (3)
roflumilast (C;7H;4Cl,F,N,O03, mol wt =402), and (4) cilomilast
(C20H25NO4, mol wt= 343)

compounds potentially relevant for sports drug testing,
preventive and proactive measures are required that necessitate
detailed knowledge concerning the analytes” physicochemical
properties and, among these, especially ionization and
dissociation behavior under different analytical conditions.
The pharmacokinetic profiles, metabolism and disposition of
rolipram (2), roflumilast (3), and cilomilast (4) in humans have
been described previously,®'>** but only little has been
published on mass spectral data concerning the active drugs
and respective metabolic products,!™® particularly those
extracted from urine. Established metabolites were prepared
by in vitro incubations employing human liver microsomal
preparations, and their dissociation pattern was elucidated
under electrospray ionization (ESI) and collision-induced
dissociation (CID) conditions. Subsequently, existing routine
doping control assays were validated to allow for the inclusion
of the characterized analytes, and proof-of-concept data were
obtained for roflumilast by the analysis of a urine sample
collected from a patient undergoing COPD treatment.

EXPERIMENTAL

Chemicals and reagents

Reference material of rolipram, deuteroxide and methanol-D;
was obtained from Sigma (Schnelldorf, Germany), roflumilast
was from Takeda GmbH (Konstanz, Germany), and cilomilast
from Selleckchem (Munich, Germany). Human liver

microsomal and S9 enzymes were purchased from BD Gentest
(Woburn, MA, USA), nicotinamide adenine dinucleotide
phosphate (NADPH) and f-glucuronidase (E. coli) from Roche
Diagnostics (Mannheim, Germany). Deionized water was used
for all aqueous buffers and all organic solvents (Merck,
Darmstadt, Germany) were of analytical grade.

Electrospray ionization (tandem) mass spectrometry and
liquid chromatography-ESI-MS/MS

High-resolution/high-accuracy ESI-MS/MS was conducted
using an AB Sciex TripleTOF 5600 instrument (Darmstadt,
Germany) equipped with a DuoSpray ion source operated at
25 °C and 5000 V. The mass spectrometer was calibrated using
the manufacturer’s protocol allowing for mass accuracies
< 6 ppm for the period of analysis. A minimum of 30 spectra
were averaged to calculate the accurate masses of target ions.
The declustering potential was set to 100 V and collision offset
voltages were optimized to retain approximately 10—20% of
relative abundance of the precursor ion. Nitrogen was used as
the collision and the curtain gas supplied by a nitrogen
generator (CMC Instruments, Eschborn, Germany). Working
solutions of the analytes were introduced via a syringe pump
at a flow rate of 10 pL/min.

Analyses requiring MS® experiments were conducted on an
AB Sciex 5500 QTrap mass spectrometer employing a Turbo V
ion source at 25 °C and 5000 V, and the working solutions
were infused by means of a syringe pump at 10 pL/min.
Collision and excitation energies were adjusted to provide
comprehensive information on product ions as well as
maintaining approximately 10% (relative abundance) of the
respective precursor ion. Collision gas was nitrogen provided
by the same CMC N,-generator mentioned above.

Liquid chromatography with tandem mass spectrometry
(LC/MS/MS) was carried out using both above-mentioned
MS systems interfaced to an Agilent (Waldbronn, Germany)
1260 LC apparatus equipped with a Macherey-Nagel (Diiren,
Germany) Pyramid column (50 x 2 mm, particle size 3 pm)
using 5 mM ammonium acetate containing 0.1% acetic acid
and acetonitrile as solvents A and B, respectively. A flow rate
of 250 pL/min was used and gradient elution employed
starting at 90% A, decreasing to 0% A within 8 min,
maintaining 0% A for another 3 min before returning to starting
conditions. The effluent was directed to the Turbo V ion source,
which was operated at 500 °C with a capillary voltage of 5500 V.
The TripleTOF was run in high-sensitivity mode at a resolution
of approximately 23 000 (full width at half maximum (FWHM))
and the 5500 QTrap in either enhanced product ion, MS®, or
multiple reaction monitoring (MRM) mode. In all cases, Q1
was set to unit resolution for precursor ion selection, and for
doping control screening purposes (i.e. MRM mode), the
collision energies were optimized for each desired ion
transition. Selected precursor-product ion pairs with favorable
signal-to-noise ratios suitable for routine urine analyses are
denoted in Table 1 by bold typeface.

In vitro metabolism studies

In accordance with methods reported earlier, "1 in vitro

metabolic reactions of PDE4 inhibitors were conducted with
human liver S9 and microsomal fractions (2 mg/mL final
protein concentration) and 100 pM analyte concentration in

wileyonlinelibrary.com/journal /rcm

Copyright © 2013 John Wiley & Sons, Ltd.

Rapid Commun. Mass Spectrom. 2013, 27, 993-1004



Communications in
Mass Spectrometry

Rapid

i)

Monitoring PDE4 inhibitors in sports drug testing

(sanunuo))
JH “HD “ID*NFHD  Z'1 I°O"H®D 9 €¥10°291
H"D “ID'N'H"D T0 I*O°H®D 001 2020°£8T
ION'H®D TO0 CIFOMHD 62 TL90°1HT
DH 10 [DY*NFO T HAD 9 9690°29¢ 0T 1¢ IDYAENPOSTHAYD  Sev0°c0r Jse[runjoy
OD'HO®HD
“0D “*HN *H*D 60— 48D 00T I#S0°€01T
HOHD
©0D “*HN ®H*D 0T~ O*H®D 89 6870 1€T
O%H ‘0D *HN ®H*D T0 O°H"'D 99 £6S0'T9T
0D *HN ®H*D 91— OM"HD a1 1620°€91
0D “®*HN ®H*D ¥0 OMHD ol $0L0°6L1 (enprsax
O% ““HN *HD S0 €0°H'"D 1z L¥S0"68T auourprjori£d)
*HN \w%mu 10 FO'HY"D 154 7990°£0T ST 1 NPO*H'D  /¥S1'T6C uone[Axo1pAH 9IN/SIN
HO®HD
(*2) 0D “*HN ‘O%H*D T¢— M8 Yrd 6£50°€0T
HO®HD
‘0D *HN ‘O°H"D 80— O*H®D 6% 06¥0°1€T
0D “*HN ‘O°H*D ¥'7— COM"H'D € 0S20°€91
fHN ‘O°H*D 90— fOM"HY"D g9 T0L0°T61
O®H"D 10 NEO'TH'™D 00T 8960°80T (enprsax
EUN‘O'H 1’1 EOLTHD 11 G/IT'LST 143uadopAd)
OM: I'1 NEOYH'D 6 I¥91¥%2C ST 10— NPOH'D  €¥S1'T6C uone[Axo1pAH FIN/EN
OH
‘(x7) 0D “*HN *HD §'6— H8D 89 L€SO'E0T
O°H ‘0D “*HN ®H*D 07— O*H®D 00T 6870 IEL
OD *HN ®H*D T¢— O°HD g9 £650°6¥1
¢HN SHED ¥'7— £0°H D €/ THSO°LLT (uonerAyowap)
SHD 00 NEOTH D 74 TI80F6L ST LT~ NEQUH "D  1€¥1'79C uoneAyrea N
HOPHD ‘(x7) 0D *HN 10— ‘H8D 66 HS0°€0T
HO®HD ‘0D *HN 00 O*H®D 00T 1650°TEL
OD “HN 70 2OHD [T $520°€91 (uonerfyuadopAoap)
N ST1— EOMHMD €T 0040°T6T 0T 80— NEOV'H'™D  9960°80¢C uone[Ayeaq TN
HOHD
‘(x2) 0D “*HN ®H*D 20— ‘HED €9 1¥S0°€01L
HOfHD
‘0D *HN “®H*D 00 O*H®D 00T 1650°TET
OD *HN ®H*D T1 COM"H'D 04 9G620°€91
*HN ®H*D 90 fO'H™D g9 7020161
SHD 91 NEO"™H'D 157 126080 ST L1 NEO®H'D  #6S1°9/C urexdoy
sapads paaes)) (wdd)  (reyuswirodxa) (%) (zzm)yuor  (Ad)  (wdd) (reyuswrodxa) (z/1u) U0T}0eaI JT[OqEISN punodwo)
JIOLI uonsoduwod Qduepunge  3PNporJ D JOLIH uonsoduod JHAAD
TeyuawoTy QATIR[Y Teruowory

aoejadA) proq ur pajousp are sesATeue jonuod 3urdop sunnor 10§ Myasn Ajreryusiod suor PNpor syuLwWIadX GIAT/SIA AdeImdde-y3ny /uonnjosai-y3ry 3ursn ‘suor
jonpord onsouSerp Sunmsar Yim ‘sayfoqeowr Surpuodsarrod pue 4seruorn “seruniyol “urexdror jo | [H+IA] semosjouwr pajeuoiord jo suonisodwod Teyuswarg T 3qeL

g
Q
—
=
(o]
c
=
=)
K=
/
g
o]
S
)
-
[
=
=2
i)
5
=
@]
>
<
2

Copyright © 2013 John Wiley & Sons, Ltd.

Rapid Commun. Mass Spectrom. 2013, 27, 993-1004



M. Thevis, O. Krug and W. Schédnzer

Rapid Commun. Mass Spectrom. 2013, 27, 993-1004

‘Jonppe wniuounuy,
‘(A®) A813Ud UOISITIOD “HD
HO®HD
‘0D ‘O°H ‘O°H*D 00 ON*'H*D 8T £T60°861
NDH ‘0D ‘O*H ‘O°H*D 6’1 CO°'HED €¢ 1£01°€0C
OD‘O*H ‘O%H*D T1¢ SON'™H™™D 49 €8I1°0€T
NOH ‘O°H*D 91 YOTH™™D 00T STIT'6¥C
O°H ‘O°H*D 8¢— SON°'H "D 8T LITT'8ST
OSH*D €0 FON®'H®'D 0¢ 1€21°94T 2890 £LE)
OH FON"*H%D S G0L1°CHe (ST ST 80240~ SONHYD  €081°09¢ uone[AxoIpAH TN
HO®HD .
‘OD‘O°H ®H*D T¢— ON®'H*D 4 £060°'861 5
NDH ‘0D ‘O°H ®H*D /11— CO°TH®D Z €901°€0T )
0D ‘O°H ®*H®D &T— ‘ON'H™D a1 0LIT'0€T 3
NOH “®HD 80— YOTH™D 00T 61LLL6%C 3
OH®H*D T'I— fON'H "D 8T TTI1'8S¢ LCCITT9E) [y
SHD 00 FON®'H®'D g 0€z1'922 (0T ST 00 T0 FON"H"D  Ls8T¥¥e ise[uory z
dH “HD “ID'NO'H*D 81— I50"H®D 9 9¢10°£L9T c
WANCOM"H D 9¢ “IDNCO'HD g 0296'6LL S
“H"D “ID'NO'H*D 00 CAFO°H®D 89 T020°L8L el
IDNO'HD 0T SIEOMHD 00T 6490°1%C &
DH #¥—  [D4°N'O""H*'D L 8890°€8¢ 0T Th—  IDHUN'OS'HA'D  pee0'6ly uonepxQ IN ©
YANCOMHE'D 6T IONO“A*HD 8 G646'991 <
dH “H™D “ID*Na*H*D S0 d°O"H®D 9 8€10°£91 g
H"D “ID*NA*H*D 00 A*O°H®D 00T 7020°481 &
IONCAH™D 00 SIEOMHD 9z 8/90'1¥¢C adueyoxe q/H v
DA 91 DYNFOd'H D ¢ 6020'89¢ 0T 6'¢— FDINPOA™H4TD  Tes0Sov jse[runyoy|
CANCOMHSD  ¥0— SDNOH®D L1 $996°€91
so1ads paaea[d) (wdd)  (reyuswrradxe) (%) (zw) uor  (Ad)  (wdd) (reyuawrradxe) (z/w) UoTOeaI JI[OqeIdIN punodwo))
011 uonrsoduod duepunge  PNpoiJ D 011 uonisodwod JHAAD
[e3usweTy QATIR[IY [e3usweTy
(panunuoD) T 3qeL

Communications in
Mass Spectrometry

Rapid

i)

wileyonlinelibrary.com/journal /rcm



Monitoring PDE4 inhibitors in sports drug testing

Rapid
¥ Communications in
" Mass Spectrometry

a 50 mM phosphate buffer at pH 7.4, containing 5 mM MgCl,.
In order to differentiate metabolic reactions from incubation/
sample preparation artifacts, a substrate blank, a co-factor
blank, and an enzyme blank were prepared with each batch
of specimens. Phase I metabolism was initiated by addition
of NADPH (5 mM) as a co-factor and incubation at 37 °C.
The reactivity of enzymes was terminated by adding 200 pL
of ice-cold acetone and the generated particulate was
removed by centrifugation at 17 000g and 4 °C for 5 min.
The supernatant was transferred to a fresh test tube and the
acetone removed in a vacuum centrifuge. After another
centrifugation at 17 000g for 5 min, the supernatant was
diluted by 1:5 with 2% aqueous acetic acid before analysis
by LC/ESI-MS/MS.

Urine sample preparation

In order to implement rolipram, roflumilast, cilomilast, and
respective phase-I metabolites into current sports drug testing
programs, the fitness-for-purpose of an existing initial test
method for various doping agents including steroidal
compounds, beta-receptor blocking agents, cannabinoids, etc.,
was evaluated."®'”! In brief, the procedure requires 3 mL of
urine, which is enriched with the internal standard (IS)
methyltestosterone before undergoing enzymatic hydrolysis
of glucurono-conjugates accomplished with B-glucuronidase
from E. coli. The resulting aglycons are liquid-liquid extracted
(pH 9.6) into tert-butyl methyl ether, the organic layer is
concentrated to dryness and the dry residue reconstituted in
mobile phase for LC/MS/MS analysis (vide supra).

For proof-of-concept analysis, a urine sample was obtained
from an inpatient receiving roflumilast (Daxas®, 500 pg/day)
4.5 h after ingestion. The patient was informed about the
purpose of the study and written consent was provided.

Assay characteristics

Routine doping control measurements were conducted using
the above-mentioned established screening platform and the
assay’s performance concerning specificity, recovery, intraday
and interday precision, linearity, and limit of detection (LOD)
was characterized for the intact drugs rolipram, roflumilast,
and cilomilast. In the absence of certified reference materials
for relevant metabolites, the therapeutics served as surrogates
and target compounds allowing the assessment of the
suitability of the method for sports drug testing purposes
according to relevant guidelines.'*"’

Lower limit of detection

The lower limit of detection (LLOD) was defined with a signal-
to-noise ratio >3 for each analyte with at least two different
characteristic ion transitions. Samples were spiked at 5 ng/mL
with rolipram, roflumilast, and cilomilast, and LLODs were
estimated from signal intensities obtained and blank urine
sample noise abundances at corresponding retention times.

Recovery

The recovery of rolipram, roflumilast, and cilomilast from
human wurine by liquid-liquid extraction (LLE) was
determined at 200 ng/mL. Six blank urine samples were
fortified with target analytes before sample preparation, and

another six blank urine specimens were extracted according
to the described protocol followed by addition of 600 ng of
each PDE4 inhibitor to the ether layer. For both sets of
samples, the IS was spiked into the ether extract and the
recovery was calculated by comparison of mean peak area
ratios of analyte and IS of samples fortified prior to and
after LLE.

Intraday and interday precision

On one day, six urine samples of low (10 ng/mL), medium
(50 ng/mL), and high (250 ng/mL) concentrations of all three
analytes were prepared and analyzed, and the intraday
precision was calculated for each concentration level. On the
following day, another set of 18 (6+6+6) spiked urine
samples was prepared and analyzed, and the combined data
of days 1 and 2 were evaluated to provide the information
required to calculate the interday precisions.

Specificity
Ten different blank urine specimens obtained from 3 female and
7 male healthy volunteers were prepared as described above in

order to probe for interfering peaks in the LC/MS/MS
chromatograms at expected retention times of the target analytes.

Linearity

Calibration curves ranging from 10 to 1000 ng/mL were
prepared from spiked urine samples to allow the assumption
of a linear correlation between urinary analyte concentration
and measured signal intensity.*!}

Ion suppression/enhancement effects

Tests for ion suppression/enhancement effects were
conducted at 100 ng/mL using either solvents A/B (1:1, v/v)
or extracts of blank urine samples prepared according to
the above reported procedure. Three different blank urine
specimens were analyzed and peak intensities observed for
the three target compounds were compared with those found
with the standard solution at 100 ng/mL.

RESULTS AND DISCUSSION

Mass spectrometry of PDE4 inhibitors and in vitro
generated metabolites

All target compounds were studied by high-resolution/high-
accuracy mass spectrometry, MS® experiments, and, where
considered relevant, by H/D exchange and MS. The main
results are summarized in Table 1 and dissociation pathways
of active drugs and corresponding metabolites are presented
in the following.

Mass spectrometry —rolipram and main metabolites

The product ion mass spectrum of rolipram as generated
from the protonated molecule [M+H]" at m/z 276 by
collisional activation is depicted in Fig. 2(a). The main
product ions are observed at m/z 208, 191, 176, 163, 131, and
103, most of which are produced consecutively as studied
and demonstrated by MS® experiments. The loss of

Rapid Commun. Mass Spectrom. 2013, 27, 993-1004
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Figure 2. Product ion mass spectra of protonated precursor ions [M+H]" of (a) m/z 276 of rolipram, (b) m/z 208 of
decyclopentylated rolipram, (c) m/z 262 of demethylated rolipram (M2), and (d) and (e) m/z 292 of hydroxylated

rolipram (M3 and M5/MS6, respectively).

cyclopentene (68 u) from m/z 276 is suggested to yield the ion
at m/z 208 that subsequently eliminates ammonia from the
pyrrolidin-2-one residue to produce the ion at m/z 191, as
supported by accurate mass and MS® measurements. The
release of ammonia requires substantial rearrangements
within the protonated pyrrolidinone core including the
migration of a hydrogen atom from C-4” to N-1” and
formation of a C-C bond between C-3” and C-5” that
eventually leads to a proposed cyclobutanone moiety
(Scheme 1(a)). The resulting ion at 1/z 191 was shown to give
rise to product ions at m/z 176 (—15 u) and 163 (—28 u), which
were attributed to the losses of a methyl radical and carbon
monoxide, respectively, as corroborated by their accurate
masses and illustrated in Scheme 1(a). The methoxy group
of m/z 163 is further suggested to be eliminated as methanol
to form the base peak of the product ion mass spectrum at
m/z 131, possibly bearing a quinone-like structure as generated
via an epoxide intermediate. Finally, m/z 131 was found to
produce m/z 103 by releasing carbon monoxide, which

presumably represents the cation of 5-cyclopropylidene-
cyclopenta-1,3-diene (Scheme 1(a)). Based on these site-specific
fragmentation pathways, main phase-I metabolites of rolipram
were identified from in vitro assay samples according to
published human i vivo data."'? By means of radiolabeling
studies it was demonstrated that approximately 60% of the
entire radioactivity is excreted into urine within 48 h, mainly
as dealkylated (M1 and M2), regioisomerically cyclopentyl-
hydroxylated (M3 and M4), and stereoisomerically
pyrrolidinone-hydroxylated (M5 and M6) rolipram. These
structures were also detected following in vitro incubations of
the drug and representative product ion mass spectra of M1,
M2, M3, and M5/M6 are depicted in Figs. 2(b)-2(e). The
dissociation pathway of [M+H]" at m/z 208 of M1 is identical
to that of rolipram (after gas-phase CID generating m/z 208 as
a product ion) and abundant and diagnostic product ions are
found at m/z 191, 163, 131, and 103 as shown in Fig. 2(b). In
the case of M2 (Fig. 2(c)), most of the abundant product ions
are decremented by 14 u, except for m/z 131 and 103, which
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Scheme 1. Proposed dissociation pathways of (a) rolipram
and (b) M5/M6 of rolipram under positive ESI/CID conditions.

are suggested to comprise the same structures as those obtained
from the intact drug due to elimination cascades eventually
yielding identical product ions. In a similar manner, M3 gives
rise to numerous product ions identical to those found in the
product ion mass spectrum of rolipram, as the hydroxylated
cyclopentyl residue is immediately eliminated from the
protonated precursor ion (m/z 292) forming the common
product ion at m/z 208 (Fig. 2(d)). Locating the hydroxyl
function at C-5” results in a significantly altered product ion
mass spectrum as illustrated for M5/M6 in Fig. 2(e). In
agreement with the aforementioned losses of cyclopentene
(—68 u) and ammonia (—17 u) from the protonated precursor
ionat m/z 292, itis suggested that the ion at 111/z 207 is generated,
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corresponding to m/z 191 of rolipram. While the subsequent
elimination of carbon monoxide is also observed with M5/M6
(giving rise to my/z 179), the hydroxylated metabolite further
releases water (—18 u) to yield the ions at m/z 189 (from m/z
207) and 161 (from m/z 179). Notably, the ions at m/z 163, 131,
and 103 remain in the product ion mass spectrum despite the
assumption that the hydroxylated atom C-5" is present in all
of them. This is explained by a second dissociation pathway
(evidenced by MS® experiments; data shown as inset in Fig. 2
(e)) starting with the fragmentation of m1/z 207 that eliminates
carbon dioxide (—44 u) instead of carbon monoxide and, thus,
generates m/z 163 as found with rolipram (Scheme 1(b)).
Consequently, the subsequently produced ions (i.e. m/z 131
and 103) are also detected in the case of M5/M6.

Mass spectrometry — roflumilast and main metabolite

The halogenated analyte roflumilast and its main metabolite
roflumilast-N-oxide as well as their fivefold deuterated
analogs were measured by LC/ESI-MS/MS by Knebel et al.
in 2012 and dissociation routes and product ion structures
were suggested based on low-resolution MS/MS spectra.*”!
Complementary to these results, high-resolution/high-
accuracy MS and H/D exchange data were generated in the
present study and dissociation pathways were revisited in
the light of the additional information obtained. The
protonated precursor ion [M+H]" of roflumilast is observed
at m/z 403 and predominantly dissociates into three abundant
(m/z 241, 187, and 164) and three less intense (m/z 367, 349,
and 167) product ions as illustrated in Fig. 3(a). By means of
accurate mass determinations, the generation of m/z 367
and 348 was readily attributed to the losses of HCl (36 u)
and C;He (54 u, methylenecyclopropane) potentially via
the fragmentation routes depicted in Scheme 2. The
abundant ion at m/z 241 was, in agreement with Knebel
et al., attributed to the cleavage of the amide bond, yielding
an even-electron (3-(cyclopropylmethoxy)-4-(difluoromethoxy)
phenyl)(oxo)methylium ion that subsequently eliminates
methylenecyclopropane (54 u) to form the corresponding
even-electron (4-(difluoromethoxy)-3-hydroxyphenyl)(oxo)
methylium ion at m/z 187 (Scheme 2) as studied in Ms?
experiments. The structural elucidation of 11/z 164 represented
a major challenge as accurate mass measurements suggested
an elemental composition of CsH4;ONCl,, which necessitates
the migration of an oxygen atom and the addition of a
hydrogen atom and a proton to the dichloropyridine moiety
of roflumilast. Considering the fact that protons are regarded
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Figure 3. Product ion mass spectra of protonated precursor ions [M+H]" of (a) m/z 403 of roflumilast and (b)

m/z 419 of roflumilast-N-oxide.
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a) and one from the ionization process) in the ion at m/z 164
/Z . /z . was observed (Table 1), which caused a shift to 71/z 166 and thus
TN, _ TN, _ further corroborated the proposed fragmentation route. The
: H/NAQN e, : ; //;AQN product ion mass spectrum of protonated roflumilast N-oxide,

V@O H 3 Ho H the main metabolite of the COPD therapeutic, is shown in
W e 2349 ¢ Fig. 3(b). In accordance with the above postulated dissociation

pathways, ions are either incremented by 16 u due to the
/L - /Z o introduction of an oxygen atom (e.g. m/z 419, 383, 364, and 180)
N S - o TN . or maintained due to their composition that lacks the
: H//E‘)L@N — : /N@N dichloropyridine residue (e.g. m/z 241 and 187).

{0 H— {o H N
Close structural relationship is observed between rolipram
. /< Vi F/<O J (2, vide supra) and cilomilast (4). Consequently, common but also
OAQ_*/ """"" - Q ’ unique dissociation routes of the protonated molecules of both
d Ho mz 187 analytes are observed and the product ion mass spectrum of
%HT ot [M+H]" (m/z 344) of 4 is depicted in Fig. 4(a). In agreement with
2, the [M+H]" ion of 4 eliminates cyclopentene (68 u), which
yields the product ion at m/z 276 that subsequently follows
b) several different fragmentation pathways as illustrated in
F F Scheme 3. The loss of water (18 u) results in the ion at m/z 258 that
F/<O ;:; {O ¢ ;/< £ further releases CO (—28 u) to produce m/z 230 as supported by
N\ -— O@—Q T\ MS® experiments; the ion at m/z 230, however, also might be the
d W \ 7 d \ 7 result of the loss of formic acid (46 u, solid arrows) from m/z 276.
( miza03 “ { 2403 o The ion at my/z 276 also eliminates HCN (27 u, dashed arrows)

Mass spectrometry — cilomilast and main metabolites

yielding the base peak of the product ion mass spectrum at m/z

l 249, which was found to produce m/z 203 by the subsequent loss

of formic acid (46 u) or the consecutive releases of water and CO.

vl N In addition, the loss of methanol (32 u) from m/z 230 was

\ s observed, resulting in the low abundance product ion at m1/z

o mzies 198. According to literature data, main phase-I metabolites of

Scheme 2. Proposed dissociation pathways of roflumilast éﬂomﬂast are 3-hydroxylated at the CyClO}.)enty[lwlmmlety or

under positive ESI/CID conditions. ealkylated by removal of the cyclopentyl residue." ™ Using the

employed in vitro methods, only the hydroxylated analog was

obtained in amounts sufficient for mass spectrometric studies

as mobile in conjugated electron systems and particularly =~ and the product ion mass spectrum of the protonated metabolite

under CID conditions,! locating the proton at the pyridine  is shown in Fig. 4(b). The presence of the above reported

nucleus (e.g. at the nitrogen atom) is conceivable. The imidic ~ diagnostic product ions corroborate the structural assignment
acid tautomer of the amide function can then eliminate  (ie. 3-hydroxylation) of the metabolic product.

3-(cyclopropylmethoxy)-4-(difluoromethoxy)benzonitrile as

illustrated in Scheme 2(b), giving rise to the 3,5-dichloro-4-

hydroxypyridin-1-ium ion (m/z 164) under transfer of the

hydroxyl function. Using H/D exchange and ionization in =~ Based on the above-reported diagnostic product ions

deuteroxide/deuterated methanol, the retention of two  generated from the intact drugs and characteristic phase-I

deuterium atoms (one from H/D exchange at the amide group =~ metabolites, an existing doping control analytical assay based

Doping control analytical assay
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Figure 4. Product ion mass spectra of protonated precursor ions [M+H]" of (a) m/z 344 of cilomilast and (b)
m/z 360 of hydroxylated cilomilast.
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T £E| 2RR2BESRY
on LC/QqQ-MS/MS and designed for multi-analyte screening § E/D
purposes was evaluated concerning its fitness-for-purpose to S
also detect the PDE4 inhibitors rolipram, roflumilast, and
cilomilast.*! Sports drug testing assays such as the method
employed herein commonly focus on phase-I metabolites © S Mo ommomon
either excreted unconjugated or liberated from glucuronides g | NK BN G 6 o
. . 1 = > — —
by means of respective B-glucuronidases.I"®! Hence, on the 2 O
one hand, the protocol used will (most probably) allow for g o
the cleavage and subsequent analysis of the above-studied 5 =52 ©
and characterized metabolites but, on the other hand, fail < § 'g Il g
to consider sulfate-conjugated compounds, which are of a 285 =3
minor significance for cilomilast'” and roflumilast’® but of 8 £E| 28322823233
considerable abundance in rolipram elimination studies.!""*?! 8 g ¥ o o o
Although the amount of rolipram metabolites not bearing a ’E S =
sulfate moiety is sufficient to enable adequate drug testing, 5
complementary detection methods targeting intact conjugates, &)
e.g. after solid-phase extraction or direct injection of urine,**! % T B i
might provide a valuable addition to the methodological E’ B ggagt2ecz2
approach presented. = o & ! !
Despite the modest amounts of unmodified therapeutics g Z e
expected to be renally eliminated after oral administration, e § g I
the active components were chosen as target/surrogate 2 A8 F . . .
analytes due to the unavailability of certified reference 3 :g g § 2 § 2 §
material of main urinary metabolites. 2 = 9 g o 2 -*é) e -*é) N
In Table 2, the assay characteristics are summarized, g D= DDA
demonstrating the capability of the method to sensitively and -
specifically detect the target compounds in human urine. The = =
recoveries of analytes ranged from 20 to 100% and detection g § s E ° o - -
limits were estimated between 1 and 5 ng/mL. Intraday and g 9 ?:D\ﬁ’ N = I
interday precisions were found to range from 1.5 to 18.6% B A=
and the chosen ion transitions for each compound enabled their = o
unambiguous detection, generating no interfering signals in S
blank urine samples at expected retention times. Ion B -
suppression of less than 15% was observed for rolipram and @ 8 £ _ _ o
cilomilast, while roflumilast experienced ion enhancement of - 2 b
approximately 24% in the presence of co-extracted urinary > &
matrix components. Typical extracted-ion chromatograms of g
blank urine samples, spiked specimens containing 10 ng/mL <
of each compound, and in vitro assay samples are illustrated A 2 e =
in Fig. 5 for (a) rolipram, (b) roflumilast, and (c) cilomilast. o 3 % E e
In addition, for roflumilast a post-administration urine < g* § é: g
sample collected from a COPD patient on roflumilast treatment é S EJ S 5
(4.5 h post-administration of 500 pg of roflumilast) is depicted
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Figure 5. Extracted ion chromatograms of blank urine samples, urines spiked with 10 ng/mL of
each drug, and in vitro incubation assay specimens of (a) rolipram, (b) roflumilast, and (c)
cilomilast. In the case of roflumilast a spot urine sample (4.5 h post-administration) of a patient
receiving the PDE4 inhibitor for COPD treatment is also presented, providing the proof-of-

concept for the test method.

in Fig. 5(b), demonstrating the capability of the method to
detect both the intact compound and the main metabolite
using the employed doping control screening procedure.
However, the time periods of potential detection windows
require additional elimination studies, which were beyond
the scope of the present study.

While rolipram and roflumilast demonstrated excellent proton
affinities and thus yielded abundant protonated molecules
and intense product ions as discussed above, cilomilast
yielded substantially fewer precursor ions in both positive and
negative ionization modes when considering protonation or
deprotonation only. In order to accomplish detection limits
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comparable with those of the other PDE4 inhibitors, adduct ion
formation promoted by the ammonium acetate added to the
mobile phase (A) was exploited and product ions resulting
from [M+NH,]" of cilomilast at m/z 362 and 377 of the
corresponding hydroxylated metabolite were used to allow
for adequate detection limits for doping control purposes.

CONCLUSIONS

In the present study, the mass spectrometric characterization of
three PDE4 inhibitors was elucidated in order to support and
accelerate doping control analytical efforts concerning drugs
and emerging drug candidates potentially being misused in elite
sport. Since urine is the most frequently collected doping control
sample matrix, product ion mass spectra of in vitro generated
phase-I metabolites were also investigated to provide reference
spectra and diagnostic precursor-product ion pairs to enable
the sensitive detection of these target compounds if required.
All three substances have been thoroughly studied earlier
concerning their metabolism and renal elimination, but mass
spectral information on major metabolites and their traceability
for preventive doping control purposes was limited. In the
absence of sulfficient reference materials of metabolic products
of rolipram, roflumilast, and cilomilast, the capability of a routine
doping control assay based on targeted LC/MS/MS was
assessed by characterizing the test method with the intact
therapeutics as structurally relevant substances and surrogates
for respective metabolites. In addition, minute amounts of these
compounds are expected to be excreted unchanged into urine;"”’
hence, the detection of the drug itself in addition to its metabolic
products is enabled, as demonstrated with spiked urine samples
as well as an administration study specimen obtained from a
COPD patient undergoing roflumilast treatment.

The approved PDE4 inhibitor roflumilast is currently not
prohibited according to the WADA 2013 prohibited list;*!
however, the non-approved compounds rolipram and
cilomilast are covered by section SO (non-approved substances)
of the anti-doping rules, which highlights an issue that requires
attention in future considerations of adjusting the list of
prohibited substances and methods of doping. The recent
discovery of the effect of PDE4 inhibitors on mitochondrial
biosynthesis and resulting performance enhancement in
laboratory rodents has fueled concerns about the drugs’ misuse
potential and proactive and preventive measures are indicated
to ensure an efficient and timely anti-doping fight.
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