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Abstract: Tracer development for positron emission tomography (PET) requires thorough evaluation
of pharmacokinetics, metabolism, and dosimetry of candidate radioligands in preclinical animal stud-
ies. Since variations in pharmacokinetics and metabolism of a compound occur in different species,
careful selection of a suitable model species is mandatory to obtain valid data. This study focuses on
species differences in the in vitro metabolism of three xanthine-derived ligands for the A; adenosine
receptor (A;AR), which, in their 18F_Jabeled form, can be used to image A;AR via PET. In vitro
intrinsic clearance and metabolite profiles of 8-cyclopentyl-3-(3-fluoropropyl)-1-propylxanthine
(CPFPX), an established AjAR-ligand, and two novel analogs, 8-cyclobutyl-3-(3-fluoropropyl)-1-
propylxanthine (CBX) and 3-(3-fluoropropyl)-8-(1-methylcyclobutyl)-1-propylxanthine (MCBX), were
determined in liver microsomes from humans and preclinical animal species. Molecular mechanisms
leading to significant differences between human and animal metabolite profiles were also examined.
The results revealed significant species differences regarding qualitative and quantitative aspects
of microsomal metabolism. None of the tested animal species fully matched human microsomal
metabolism of the three AjAR ligands. In conclusion, preclinical evaluation of xanthine-derived
A71AR ligands should employ at least two animal species, preferably rodent and dog, to predict
in vivo behavior in humans. Surprisingly, rhesus macaques appear unsuitable due to large differences
in metabolic activity towards the test compounds.

Keywords: A; adenosine receptor; liver microsomes; metabolism; radioligand; species differences;
preclinical evaluation

1. Introduction

The development of novel radioligands for imaging molecular targets via positron
emission tomography (PET) is a time-consuming and costly endeavor. In particular, assess-
ment of imaging characteristics and safety of a candidate compound requires extensive
preclinical investigations prior to initial clinical trials. Pharmacokinetics and metabolism
are important determinants of the in vivo properties of a novel imaging agent [1]. Radioli-
gand metabolism can lead to radioactive metabolites that impede reliable quantification of
the molecular target. Rapid blood clearance of the radioligand may limit target exposure,
but on the other hand can enhance the signal-to-background ratio by reducing the amount
of radioactivity present in the vascular system [2]. Metabolism also plays a critical role
with regard to the safety of radiopharmaceuticals, as it strongly influences the radiation
doses received by individual organs and tissues of the test subjects or patients [3]. Since
most PET radioligands are small lipophilic molecules, metabolism is crucial for the excre-
tion of these compounds from the body and largely determines their biological half-lives.
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On these grounds, metabolism studies are indispensable prerequisites for the selection
and optimization of radioligand candidates. As with conventional drugs, radioligand
metabolism is typically evaluated using in vitro systems and preclinical animal models.
Since inter-species differences in the metabolism of a compound can be significant, careful
selection of the appropriate species for preclinical studies is essential to obtain data that
can be extrapolated to human metabolism.

The xanthine-derived radioligand 3-(3-['®F]fluoropropyl)-1-propylxanthine ([**F]JCPF
PX, structural formula given in Table 1) is an established radiotracer for PET imaging of
Aj adenosine receptors (A;AR) [4,5]. ['8F]CPFPX is rapidly metabolized in humans and
rodents, as reflected in a fast decline of plasma concentrations and formation of numerous
radiometabolites [6]. One of these metabolites, a difunctionalized oxo-desaturation product
(“enone metabolite”; structural formula given in Table 1), has been identified as problematic
for PET imaging due to its slow excretion from the body. Although this metabolite does not
penetrate the blood-brain barrier, its accumulation in the vascular compartment leads to
increased background noise and radiation exposure. For these reasons, continuous efforts
have been made to develop ['8F]CPFPX analogs with higher metabolic stability producing
no radiometabolites with long biological half-lives [7].

Table 1. Structural formulae of the ligands and metabolites used in this study. All compounds were synthesized and

characterized in-house.

Numbering Structural Formula Name, Molecular Weight (MW)
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8-Cyclopentyl-3-(3-fluoropropyl)-1-propylxanthine
(CPFPX)
MW: 322.38 g/mol

§

8-Cyclobutyl-3-(3-fluoropropyl)-1-propylxanthine
(CBX)

MW: 308.35 g/mol

b

3-(3-Fluoropropyl)-8-(1-methylcyclobutyl)-1-propylxanthine
(MCBX)
MW: 322.38 g/mol
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3-(3-Fluoropropyl)-8-(3-oxocyclopent-1-en-1-yl)-1-propylxanthine
(CPFPX metabolite, enone metabolite)
MW: 334.35 g/mol
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Table 1. Cont.
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Early ['®F]CPFPX in vitro studies using human and rodent hepatic microsomes re-
vealed that human biotransformation of the radioligand differs from rodent biotransfor-
mation with regard to the aforementioned enone radiometabolite [6]. More specifically,
there was extensive formation of the metabolite in human microsomes, whereas almost
no significant amounts could be detected in microsomes from rats and mice. However,
plasma analyses of rats and mice that received ['®FJCPFPX injections clearly showed that
the enone metabolite is generated in vivo, raising questions regarding the validity of the
in vitro model and its suitability for evaluation of this compound class.

The objectives of the present study were two-fold: first, to elucidate the mechanisms
underlying the distinct in vitro and in vivo metabolite profiles of CPFPX observed in
rodents but not humans; second, to investigate species differences in the metabolism
of CPFPX and two novel cyclobutyl analogs, namely 8-cyclobutyl-3-(3-fluoropropyl)-1-
propylxanthine (CBX, see Table 1) and 3-(3-fluoropropyl)-8-(1-methylcyclobutyl)-1-propylx
anthine (MCBX, see Table 1), in hepatic microsomes from humans and commonly used
preclinical animal species with the aim to identify suitable animal models for evaluation of
xanthine-derived A1 AR radioligands.

2. Results
2.1. In Vitro Intrinsic Clearance

In vitro intrinsic clearance (CLint) of CBX, MCBX, and CPFPX was determined using
human, rat, mouse, dog, mini pig, and rhesus monkey liver microsomes (Figure 1). Mean
CLjnt values for the compounds varied widely across species. Highest metabolic activity
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was observed in rhesus microsomes, with up to 134-fold higher CLj,; values (CPFPX)
than in human microscomes. The metabolic activities of mini pig and dog microsomes
were roughly comparable to each other, as were those of rat and mouse microsomes. The
rank order of CL;,+ was CPFPX > MCBX > CBX in microsomes from rat, mouse, mini pig,
and rhesus; CPFPX > MCBX ~ CBX in dog microsomes; and CBX > CPFPX > MCBX in
human microsomes.
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Figure 1. Comparison of CBX, MCBX, and CPFPX intrinsic clearance in liver microsomes from various species. Data
represent the mean + SD of four independent experiments.

2.2. Metabolite Profiles

The metabolite profiles of CBX, MCBX, and CPFPX generated by human, rat, mouse,
dog, mini pig, and rhesus monkey liver microsomes are compared in Figures 2—4. Metabo-
lites were distinguished from matrix components by comparison with blank samples
and by mass spectrometric analysis. Whenever possible, peak identities (type and site of
functionalization) were derived from the mass spectra. For interpretation of the in-source
fragmentation patterns observed at a cone voltage of 185 V, experiences gained during
previous LCMS studies were taken into account [6,8]. Plausible fragmentation routes are
shown in Figure 5. The assigned metabolites are listed in Tables 2—4, together with their
functionalization. Monohydroxylation represented the main route of biotransformation for
all three compounds. Functionalization predominantly occurred at the cyclic C8-moiety, as
revealed by the in-source fragmentation patterns.
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Figure 2. Metabolite profiles of CBX generated in liver microsomes from humans and different animal species. Detection

wavelength was 275 nm. In the chromatograms, only metabolite peaks accounting for at least 10% of the total metabolite

peak area are labeled. A comprehensive list of the detected metabolites can be found in Table 2.
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Figure 3. Metabolite profiles of MCBX generated in liver microsomes from humans and different animal species. Detection
wavelength was 275 nm. In the chromatograms, only metabolite peaks accounting for at least 10% of the total metabolite
peak area are labeled. A comprehensive list of the detected metabolites can be found in Table 3.
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Figure 4. Metabolite profiles of CPFPX generated in liver microsomes from humans and different animal species. Detection

wavelength was 275 nm. In the chromatograms, only metabolite peaks accounting for at least 10% of the total metabolite

peak area are labeled. A comprehensive list of the detected metabolites can be found in Table 4.
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Figure 5. Base fragments (a—f) for interpretation of the in-source fragmentation pathways of the C8-substituted xan-
thine compounds.

Table 2. Metabolites of CBX generated in liver microsomes from various species.

Retention Time Site of Function-

Peak Retention Factor Interpretation of

Functionalization Species

(min) alization Fragments !
Al 4.8 0.9 “~OH" R b,c e f:+OH - H h,r, m, d, mp, th
A2 53 1.1 ns. ns. ns. (h), r, (m), mp, rh
“=r 4_QH” 3
human 1: 0.5
mini pig 0.05: 1 ‘_n “_n .
A32 5.6 1.2 mouseg 0.7:1 ”—OI—E" g llj(Pr) - d,ee,% —2H h,r, m, d, mp, th
rhesus 0: 1
rat0.4: 1
dog 0.4: 1
A4 6.0 14 ns. n.s. ns. (r), (m), mp, (th)
A5 9.6 2.9 “-OH"” R ce f:+OH—-H h,r, m, d, mp, rh
A6 10.4 3.2 ns. n.s. ns. (h), (x), d, (mp)
A7 12.1 3.9 n.s n.s. n.s. (h), r, m, d, (mp), (rh)
CBX 16.6 5.7 n.a. n.a n.a. (h), r, m, d, (mp), th

h, human; r, rat; m, mouse; d, dog; mp, mini pig; rh, rhesus; n.s., not specifiable; n.a., not applicable. Brackets indicate minor peaks. Tac-
cording to Figure 5. 2 coelution of two metabolites. 3 ratio of [M + H]* intensities (11/z 307 & 325), determined from unfragmented spectra.
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Table 3. Metabolites of MCBX generated in liver microsomes from various species.

Retention Time

Site of Function-  Interpretation of

Peak (min) Retention Factor  Functionalization alization Fragments ! Species
Bl 53 1.1 n.s. n.s. n.s. I, mp
B2 5.7 1.3 n.s. ns. n.s. @), m’(ii))’ (mp),
B3 6.3 15 “—OH" R d:+OH-2H h,r, m, d, mp, rh
B4 7.1 1.8 n.s. n.s. n.s. (h), m, d, (rh)
B5 8.0 2.2 “-OH"” R b,d:+OH —-2H h,r,m, d, mp, rh
B6 8.6 24 “~OH"” F(Pr) d, e h, 1, m, d, mp, th
B7 8.9 2.6 “—-OH"” R ¢, d: + OH — 2H h,r, m, d, mp, rh
B8 12.9 42 ns. ns. ns. (h), m, d, mp, (rth)
B9 21.7 77 ns ns ns h, 1, m, d, (mp),
(th)
B10 31.6 117 n.s n.s ns h, 1, m, d, (mp),
(th)
MCBX 33.1 12.3 n.a n.a n.a h, 1, m, d, mp, th

h, human; r, rat; m, mouse; d, dog; mp, mini pig; rh, rhesus; n.s., not specifiable; n.a., not applicable. Brackets indicate minor peaks.

1

according to Figure 5.

Table 4. Metabolites of CPFPX generated in liver microsomes from various species.

Retention Time

Site of Function- Interpretation of

Peak (min) Retention Factor  Functionalization alization Fragments ! Species

C1 5.5 12 “-OH"” R b,e, f: +OH — H h,r, m, d, mp, rh
C2 59 14 “-OH” R f:+OH—-H h,r, m, d, mp, rh
C3 6.3 15 “=0" R b,e f: +O—-H h, r, m, d, (mp), (rh)
C4 74 2.0 n.s. n.s. n.s. (h), r, m, d, mp, rh
C5 7.9 2.2 “=" (F)Pr d,e f h, 1, m, d, mp, th
C6 8.3 2.3 “=" (F)Pr e f h,r, m, d, mp, rh
C7 8.7 2.5 ns. n.s. ns. (h), 1, (m), (d), (rth)
C8 9.0 2.6 n.s. ns. n.s. (r), m, (d), (rh)
C9 9.8 29 “=Q” /=" R b,e f: + OH — 4H h,d

C10 12.2 3.9 n.s n.s. n.s. h,r,m, d, mp, rh
C11 214 7.6 ns. ns. ns. (h), r, m, (mp), rh
C12 34.0 12.6 n.s n.s. n.s. r, (m), (d)
CPFPX 29.4 10.8 n.a. n.a. n.a. h,r, m, d, mp, rh

h, human; 1, rat; m, mouse; d, dog; mp, mini pig; rh, rhesus; n.s., not specifiable; n.a., not applicable. Brackets indicate minor peaks. 1

according to Figure 5.

Metabolism of CBX produced up to nine metabolites in the microsomes of the test
species, of which the hydroxylated compounds Al and A5 were dominant in all species.
Two metabolites which coeluted at R¢ = 5.6 min could be distinguished via mass spectrom-
etry. Metabolite profiles of rhesus monkey and mini pig exhibited the highest degree of
similarity to the human metabolite profile. Microsomal metabolism of MCBX generated up
to 10 metabolites. Metabolite B3, a compound resulting from monohydroxylation of the
cyclobutyl ring, represented the main metabolite in all species. Metabolites B5-B7, which
were also identified as hydroxylated metabolites, occurred in the profiles of all species
but in differing proportions. Rodent metabolite profiles of MCBX most closely resembled
their human counterpart. In vitro metabolism of CPFPX in microsomes of humans and
rodents has already been studied by Bier et al. [6]. To complement this previous work,
CPFPX metabolism in microsomes of three non-rodent species was investigated in the
current study in order to identify the most suitable animal model for human metabolism
of xanthine-derived A; AR ligands. Species-specific microsomal metabolism of CPFPX re-
sulted in up to 12 metabolites. Metabolite C9, which was identified as the enone metabolite
4 ([M+H]" = 335), was generated exclusively in human and dog microsomes.

As part of a previous study aimed at comparing the PET imaging characteristics of
['8F]CBX, ['®FIMCBX and ['8F]CPFPX, in vivo metabolite profiles were generated from
rat plasma [7]. Representative radio-thin layer chromatograms (radio-TLCs) are shown in
Figure 6. Although metabolite identification was beyond the scope of the cited study, visual
comparison of the radio-TLCs and the HPLC-UV chromatograms shown in Figures 2—4
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reveals a high degree of similarity with regard to peak number (peaks of considerable size),
peak areas, and elution order.
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Figure 6. In vivo metabolite profiles of ['8F]CBX, [8F]MCBX, and [8F]CPFPX obtained from rat plasma. Left panels:
radio-TLC images (SIL G-25 plates); right panels: corresponding densitometer scans at 60 min post-injection.

2.3. Enone Metabolite Formation in Liver Microsomes

In vitro formation of enone metabolite 4 was investigated by incubation of human
and rat liver microsomes with four primary metabolites (5-8, see Table 1) present in the
human microsomal metabolite profile, which could potentially serve as precursors for
enone formation.

Incubation of 5-8 with human liver microsomes (HLM) revealed exclusive formation
of 4 from precursor 6. During this biotransformation process, a stable intermediate was
generated, which could be separated by HPLC (Figure 7). Mass spectrometry showed that
this molecule contains a cyclopentenol ring instead of the cyclopentenone ring of 4, thus
being 3-(3-fluoropropyl)-8-(3-hydroxycyclopent-1-en-1-yl)-1-propylxanthine (9).
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Figure 7. Metabolism of 6 in human (black) and rat (red) liver microsomes. Formation of 4 occurs exclusively in human liver

microsomes. Chromatograms were generated at 275 nm and smoothed using a moving average algorithm (filter width 2).

The time course of formation of 4 and 9 in HLM is shown in Figure 8a. It is evident
from the curves that the formation of 4 still proceeded after complete depletion of 6,
whereas the concentration of 9 started to decline after a certain incubation time. These
observations indicate that the biotransformation proceeds from 6 via 9 to 4 (Figure 9).
For comparison, the time course of metabolism of 6 in rat liver microsomes (RLM) is
given in Figure 8b. As with HLM, 6 was oxidized to produce 9, however, the subsequent
oxidation step resulting in ketone formation obviously did not occur. Consequently, the
concentration of 9 increased during incubation until 6 was completely depleted but then
remained constant.
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Figure 8. Time course of metabolism of 6 in microsomes from humans (a) and rats (b). In both species, metabolism of
6 (black curve) generates an intermediate alkenol 9 (red curve). In human but not in rat liver microsomes, 9 is further
metabolized to 4 (blue curve). Data points represent the mean =+ SD of three independent experiments.
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Figure 9. Proposed biotransformation pathway of CPFPX (1) in human liver microsomes. A three-step oxidation sequence
transforms the parent compound into the enone metabolite (4). In rat liver microsomes, only reaction steps 1 and 2 take
place, but not the final oxidation step 3, which converts the hydroxy intermediate (9) into the enone.

3. Discussion

Generally speaking, species differences in microsomal metabolism can be related
to several factors, which comprise variations in the levels of total microsomal P450 or
individual P450 isoforms as well as differences in the mechanistic aspects of catalytic
enzyme function (substrate specificity, catalytic activity, main reaction pathways).

Species differences in the rate of substrate metabolism resulting from varying levels of
total or individual P450 enzymes in microsomal preparations can frequently be compen-
sated by adjustment of the protein concentration used in the assay or by introduction of
scaling factors. Variations in the functional characteristics of enzymes may, however, lead
to fundamental differences in metabolism, rendering a particular animal species unsuitable
for prediction of human xenobiotic metabolism in preclinical studies.

In this study, hepatic microsomes were chosen as analytical model for comparison of
species-specific enzyme function. Although microsomes are considered a less physiologi-
cally relevant model than hepatocytes due to the lack of cellular organization, they are still
a valuable tool for clearance determination of compounds that are metabolized primarily
by phase I enzymes and that do not act as transporter substrates. Results from previous
studies showed that xanthine-derived A; AR ligands are metabolized primarily by hepatic
P450 enzymes [9] and that scaled microsomal clearance data are in good agreement with
measured in vivo clearance [10]. Against this background, hepatic microsomes were pre-
ferred over hepatocytes for investigating species differences in A; AR ligand metabolism. In
addition, for rapidly metabolized substrates such as CPFPX, measurements conducted with
hepatocytes could potentially provide biased results due to the capacity/rate limitation of
the hepatocyte system [11,12].

Regarding the total P450 content of the microsomes used in the present study, manufac-
turer specifications were only available for human preparations. For the non-human animal
species, literature data on total microsomal P450 concentrations were used as reference
values for the further discussion of the results (see Table 5).
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Table 5. Total microsomal P450 content reported for various species.
Total Microsomal P450 Content (nmol/mg Microsomal Protein)
Species
[13] [14] [15] [16] [17]
Human 0.307 = 0.160 0.231 £ 0.013 0.31 +£0.09 n.d. 0.29 £ 0.06
Rat 0.673 £ 0.050 0.444 £+ 0.016 0.58 £ 0.02 n.d. n.d.
Mouse n.d. 0.719 £ 0.041 0.48 4 0.04 n.d. n.d.
Mini pig n.d. n.d. n.d. 0.798 £ 0.145 n.d.
Dog 0.385 £ 0.036 0.685 £ 0.031 n.d. n.d. n.d.
Monkey 1.030 £0.1061  1.195+0.0892  0.74£0.02! nd. 0.95 +0.082

n.d., not determined; ! cynomolgus monkey; 2 thesus monkey.

Phase I metabolism of the xanthine-based compound CPFPX has been shown to
be mainly governed by P450 1A2 [9], so the following discussion will focus on species
differences in expression levels and functional characteristics of this specific P450 isoform.
While data on hepatic P450 1A2 levels are currently not available for all species used in
the present study, it has been shown that P450 1A2 accounts for about 13% of the total
P450 content in humans [18], for about 2% in rats [19], and for about 4% in dogs [20].
Basal hepatic levels of P450 1A2 in macaques are generally reported to be low or even
undetectable [21-25], except for the data published by Shimada et al. which showed
similar P450 1A2 levels in hepatic microsomes of cynomolgus macaques and humans [13].
Evidently, the pronounced interspecies differences in microsomal metabolism of the tested
A1AR ligands cannot be readily explained by varying levels of total and isoform-specific
P450. Microsomal P450 levels reported in Table 5 are about 2-3 times higher in rodents
and about 3 times higher in rhesus and cynomolgus monkeys than in humans. By contrast,
CLint of CPFPX in rodent and rhesus monkey microsomes exceeded human values by a
factor of about 10 and 134, respectively. This is all the more remarkable in view of the
questionable constitutive expression of P450 1A2 in rhesus monkey liver. It is conceivable
that P450 isoforms other than 1A2 are mainly responsible for biotransformation of CPFPX
and its analogs in rhesus microsomes, casting doubt on the usefulness of macaques as
preclinical species for pharmacokinetic evaluation of xanthine-derived A; AR ligands.

Published data on species differences in the microsomal metabolism of various P450
1A2 marker substrates reveal large differences in enzymatic activity and substrate specificity
of the homologous 1A2 enzymes [13,26-32]. Interestingly, the rate of caffeine metabolism,
which was studied by Berthou et al., was considerably higher in hepatic microsomes from
humans than in those from rats or monkeys [26], which is in contrast to the results obtained
in the present study. However, these discrepancies might be a result of the different
qualities of human microsomal preparations used for determination of metabolic stability.
In this study, microsomal assays were conducted with pooled microsomes (50 donors) to
minimize individual variations in enzyme levels and activities. By contrast, the microsomal
material used by Berthou et al. was obtained from liver tissue of a single donor and showed
a particularly high P450 level [33], which might have introduced bias into the assessment
of microsomal enzyme activity.

In summary, rates of CBX, MCBX, and CPFPX metabolism in hepatic microsomes are
highly species-dependent. Simple scaling approaches are not sufficient to overcome these
issues. The rank order of metabolic stability in human microsomes did not correspond
to any of the animal species, which raises considerable doubts regarding the relevance
of animal microsomes as a model for human pharmacokinetics of the test compounds.
However, it should be noted that the specific conditions encountered during sampling
and preparation of human liver tissue could potentially result in biased metabolism data.
First, biopsy specimens might be altered pathologically. Second, prolonged post-mortem
times (resulting from, e.g., regulatory requirements) encountered during preparation of
human tissue can lead to rapid loss of enzyme activity because of autolysis [34-38]. To
date, there still is little profound knowledge regarding the implications of post-mortem
enzyme degradation on microsomal stability data.



Pharmaceuticals 2021, 14, 277

15 0of 19

Metabolite profiles of the test compounds varied considerably among species. Bio-
transformation of both CBX and MCBX resulted in similar metabolites in microsomes of
all test species, but in highly variable ratios. Regarding CPFPX metabolism, metabolite
4 (enone) was generated exclusively in human and dog microsomes. Enone formation
is a dominant pathway in human CPFPX metabolism [6,9]; therefore, prevention of this
reaction sequence might be a promising strategy to develop CPFPX analogs with higher
metabolic stability. In rodents, 4 is only generated in vivo, but not in microsomes [6]. It
could be demonstrated that in liver microsomes of rats, as opposed to human microsomes,
the final oxidation step of the biotransformation pathway does not take place (at least
not to a significant extent). It is likely that the presence or absence of distinct metabolic
pathways results from species differences in the functional properties of P450 1A2, which
can probably be attributed to variations in active site structure. In vivo formation of 4 in
living rats may reflect the catalytic action of other hepatic or extrahepatic enzyme systems
(e.g., extrahepatic P450 isoenzymes or alcohol oxidoreductases) to which intermediate
metabolites are subjected via systemic circulation. To elucidate the exact mechanism of
in vivo formation of 4 in rodents as well as the particular enzyme systems involved in this
pathway, further studies including the investigation of CPFPX metabolism by hepatocytes,
intestinal microsomes, and individual isoenzymes are planned.

4. Materials and Methods
4.1. Compounds

All compounds listed in Table 1 were synthesized and characterized in our laboratories
according to the procedures described in [4,10,39-41].

4.2. Reagents and Solvents

Reduced B-nicotinamide adenine dinucleotide 2’-phosphate (NADPH) was sup-
plied by Roche Diagnostics (Mannheim, Germany). Dimethyl sulfoxide (DMSO), 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), magnesium chloride (MgCly),
sodium hydroxide (NaOH), and acetic acid (AcOH) were obtained from Sigma-Aldrich
(Steinheim, Germany). Reagent-grade acetonitrile (MeCN) and methanol (MeOH) were
purchased from Merck (Darmstadt, Germany). Aqua ad iniectabilia (water for injection)
from B. Braun Melsungen (Melsungen, Germany) was used for preparation of buffers
and eluents.

4.3. In Vitro Studies
4.3.1. Determination of In Vitro Intrinsic Clearance

Liver microsomes from Sprague Dawley rats (RLM), CD-1 mice (MLM), beagle dogs
(DLM), Gottinger mini pigs (MPLM), rhesus monkeys (RMLM), and humans (HLM, spec-
ified total P450 content: 0.286 nmol/mg protein) were obtained from Thermo Fisher
Scientific/Life Technologies (Darmstadt, Germany). Optimization of incubation conditions
(microsomal protein concentration, substrate solvent, incubation buffer) has been carried
out in a previous study [41]. For assessment of intrinsic clearance (CLjy), substrate (8 uM
CBX, MCBX or CPFPX, stock solutions in DMSO) and microsomes (0.4 mg/mL RLM,
MLM, DLM and MPLM, 2.0 mg/mL HLM and 0.04 mg/mL RMLM) were preincubated for
5 min at 37 °C in HEPES buffer (100 mM, pH 7.4) containing MgCl, (3.3 mM). Enzymatic
reactions were initiated by addition of preheated NADPH (1.3 mM) and were allowed to
proceed for 30 min. Aliquots (100 uL) were sampled from the incubation mixture (500 uL
total volume) at 0 and 30 min. An equal volume of a mixture of MeOH/MeCN (50:50, v/,
cooled to —20 °C) was added to terminate the reaction. After subsequent homogenization
on a vortex mixer (1 min, 21 °C) and centrifugation (10 min, 20,000x g rcf, 21 °C), the
supernatants (50 uL aliquots) were analyzed via HPLC-UV /VIS (Knauer smartline system
equipped with a Rheodyne type 7125 sample injector and a 500 puL sample loop). Chro-
matographic conditions were as follows. Column: 4.6 mm x 250 mm Kromasil 100-5-C18
(AkzoNobel, Bohus, Sweden); eluent composition: MeCN/H,O/AcOH 48:52:0.2 (v/v/v);
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flow rate: 1 mL/min; detection wavelength: 275 nm. Microsomal assays were performed
in quadruplicate.

4.3.2. Metabolite Analysis

Microsomal assays aimed at metabolite profiling were conducted according to the
protocol described in Section 4.3.1, but with 10 uL substrate (CBX, MCBX, CPFPX) in
a total incubation volume of 1 mL. In Table 6, microsomal protein concentrations and
incubation times used in the individual assays are listed. Blank samples containing all
matrix components but no substrate were included. Incubations were terminated by
adding two volumens of a mixture of MeOH/MeCN (50:50, v/v, cooled to —20 °C).
Samples were then vortexed (1 min, 21 °C), centrifuged (10 min, 20,000x g rcf, 21 °C),
and evaporated to dryness using a centrifugal vacuum concentrator (Concentrator 5301,
Eppendorf, Wesseling-Berzdorf, Germany) set to a temperature of 45 °C. Dried samples
were reconstituted with 160 uL. HPLC eluent (MeCN/H,O/AcOH 35:65:0.1 (v/v/v)) and
centrifuged (3 min, 20,000 g rcf, 21 °C). Aliquots of the clear supernatant (25 uL) were
subsequently injected into the HPLC system. Chromatographic parameters were the same
as described in Section 4.3.1, except for the addition of a 3 mm NH,; guard column (OPTI-
GUARD, Optimize Technologies Inc., Oregon City, OR, USA). For LCMS analyses, the
UV-detector outlet was coupled to a mass spectrometer (MSQ PlusTM, Thermo Electron
Corporation, San Jose, CA, USA) via an electrospray interface. LCMS parameters were as
follows. Nebulizer M gas pressure: 6 bar; desolvation temperature: 500 °C; positive ion
mode (ESI+); sprayer voltage: 3000 V; cone voltages: 50 V (unfragmented spectra) or 185 V
(fragmented spectra), m/z range 1-800; scan time: 1 s. Mass spectra were analyzed using
Xcalibur software (version 3.0).

Table 6. Incubation conditions for generation of in vitro metabolite profiles.

Microsomal Protein

Microsomes Substrate Concentration (mg/mL) Incubation Time (min)

HLM CBX, MCBX, CPFPX 0.8 180
RLM CBX, MCBX, CPFPX 0.4 30
MLM CBX, MCBX, CPFPX 0.4 30
DLM CBX, MCBX, CPFPX 0.8 45
CBX 0.8 45

MPLM MCBX, CPFPX 0.8 30
CBX 0.04 45

RMLM MCBX, CPEPX 0.04 30

4.3.3. Enone Metabolite Formation

In preliminary experiments, the potential enone precursors 5-8 (8 M) were incubated
with either RLM (0.4 mg/mL) or HLM (0.8 mg/mL) for up to 4 h according to the protocol
given in Section 4.3.1. Multiple samples were taken during incubation and analyzed with
regard to the presence of the enone metabolite 4 in the incubation mixture.

The time course of the formation of 4 from precursor 6 was monitored by incubation
of 6 (4 uM) with either 1.0 mg/mL HLM for 150 min or 0.4 mg/mL RLM for 100 min
according to the procedures described in Section 4.3.1. but with a prolonged centrifugation
cycle (15 min) for protein precipitation. Chromatographic separation was performed on a
Kromasil C18 column (see Section 4.3.1) equipped with a 3 mm NH; guard column (OPTI-
GUARD, Optimize Technologies Inc., Oregon City, OR, USA) using an eluent composed of
MeCN/H,0/AcOH 45:55:0.1 (v/v/v). All other chromatographic parameters resembled
those given above. Incubations were conducted in triplicate.

4.4. Data Analysis

Elimination rate constants (k) of CBX, MCBX, and CPFPX were derived via linear
regression analysis of semi-logarithmic peak area vs. time plots.
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In vitro half-life (¢1 ;) was calculated as:

In2
tyyp = “ 1)

In vitro intrinsic clearance was calculated as follows [42]:

In2
Clipg = —— @
1/2%x¢
where ¢ is the microsomal protein concentration. Since the main focus of the study was
to compare CL;,; between species, but not between compounds, no correction for the
microsomal unbound fraction was applied.

5. Conclusions

Human microsomal metabolism of the three A; AR ligands could not be accurately
modeled by microsomes of a single animal species. In particular, the closely related rhesus
macaque, which represents a popular animal model in pharmacology, exhibited large
differences in terms of metabolic activity toward the test compounds. This in turn casts
doubts on the usefulness of this species for the pharmacokinetic evaluation and dosimetry
of xanthine-derived A; AR ligands. By contrast, the beagle dog appears to be a promising
preclinical species, especially with regard to in vivo metabolite profiling. The discrepancy
between in vitro and in vivo biotransformation of CPFPX in rodents was attributable to the
incapacity of the rodent microsomal enzymes to catalyze the final oxidation step leading
to the enone metabolite. In conclusion, differences in pharmacokinetics and metabolism
of radiolabeled compounds in distinct species should be carefully determined during
preclinical development in order to obtain reliable data that can be extrapolated to humans.
This is especially important in the context of preclinical dosimetry studies preceding
first-in-human clinical trials with new diagnostic or therapeutic radiopharmaceuticals.

Author Contributions: Conceptualization, D.S. and D.B.; Data curation, D.S.; Formal analysis, D.S.;
Investigation, D.S.; Methodology, D.S. and D.B.; Resources, M.H., A.B., and B.N.; Supervision, D.B.;
Writing—original draft, D.S.; Writing—review and editing, D.B., M.H., A.B., and B.N. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pike, V.W. PET radiotracers: Crossing the blood-brain barrier and surviving metabolism. Trends Pharmacol. Sci. 2009, 30, 431-440.
[CrossRef] [PubMed]

2. Laruelle, M. Relationships between radiotracer properties and image quality in molecular imaging of the brain with positron
emission tomography. Mol. Imaging Biol. 2003, 5, 363-375. [CrossRef] [PubMed]

3. Eberlein, U.; Broer, ].H.; Vandevoorde, C.; Dos Santos, P.M.P,; Bardies, M.; Bacher, K.; Nosske, D.; Lassmann, M. Biokinetics and
dosimetry of commonly used radiopharmaceuticals in diagnostic nuclear medicine—A review. Eur. J. Nucl. Med. Mol. Imaging
2011, 38, 2269-2281. [CrossRef]

4. Holschbach, M.H.; Olsson, R.A; Bier, D.; Wutz, W,; Sihver, W.; Schiiller, M.; Palm, B.; Coenen, H.H. Synthesis and Evaluation of
No-Carrier-Added 8-Cyclopentyl-3-(3-['8F]fluoropropyl)-1-propylxanthine (['FJCPFPX): A Potent and Selective A1-Adenosine
Receptor Antagonist for in Vivo Imaging. J. Med. Chem. 2002, 45, 5150-5156. [CrossRef]

5. Bauer, A.; Holschbach, M.H.; Cremer, M.; Weber, S.; Boy, C.; Shah, N.J.; Olsson, R.A.; Halling, H.; Coenen, H.H.; Zilles, K.

Evaluation of 18F-CPFPX, a novel adenosine A1l receptor ligand: In vitro autoradiography and high-resolution small animal PET.
J. Nucl. Med. 2003, 44, 1682-1689. [PubMed]


http://doi.org/10.1016/j.tips.2009.05.005
http://www.ncbi.nlm.nih.gov/pubmed/19616318
http://doi.org/10.1016/j.mibio.2003.09.009
http://www.ncbi.nlm.nih.gov/pubmed/14667491
http://doi.org/10.1007/s00259-011-1904-z
http://doi.org/10.1021/jm020905i
http://www.ncbi.nlm.nih.gov/pubmed/14530487

Pharmaceuticals 2021, 14, 277 18 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Bier, D.; Holschbach, M.H.; Wutz, W.; Olsson, R.A.; Coenen, H.H. Metabolism of the A1 Adenosine Receptor Positron Emission
Tomography Ligand ['8F]8-Cyclopentyl-3-(3-Fluoropropyl)-1-Propylxanthine (['8FJCPFPX) in Rodents and Humans. Drug Metab.
Dispos. 2006, 34, 570-576. [CrossRef]

Schneider, D.; Oskamp, A.; Holschbach, M.; Neumaier, B.; Bier, D.; Bauer, A. Influence of binding affinity and blood plasma level
on cerebral pharmacokinetics and PET imaging characteristics of two novel xanthine PET radioligands for the Al adenosine
receptor. Nucl. Med. Biol. 2020, 8283, 1-8. [CrossRef]

Bier, D.; Hartmann, R.; Holschbach, M. Collision-induced dissociation studies of caffeine in positive electrospray ionisation
mass spectrometry using six deuterated isotopomers and one N1-ethylated homologue. Rapid Commun. Mass Spectrom. 2013, 27,
885-895. [CrossRef]

Matusch, A.; Meyer, P.T; Bier, D.; Holschbach, M.H.; Woitalla, D.; ElImenhorst, D.; Winz, O.H.; Zilles, K.; Bauer, A. Metabolism of
the A1 adenosine receptor PET ligand ["®FJCPFPX by CYP1A2: Implications for bolus/infusion PET studies. Nucl. Med. Biol.
2006, 33, 891-898. [CrossRef] [PubMed]

Schneider, D.; Oskamp, A.; Holschbach, M.; Neumaier, B.; Bauer, A.; Bier, D. Relevance of In Vitro Metabolism Models to PET
Radiotracer Development: Prediction of In Vivo Clearance in Rats from Microsomal Stability Data. Pharmaceuticals 2019, 12, 57.
[CrossRef] [PubMed]

Foster, ].A.; Houston, ].B.; Hallifax, D. Comparison of intrinsic clearances in human liver microsomes and suspended hepatocytes
from the same donor livers: Clearance-dependent relationship and implications for prediction ofin vivoclearance. Xenobiotica
2010, 41, 124-136. [CrossRef]

Di, L.; Keefer, C.; Scott, D.O.; Strelevitz, T.J.; Chang, G.; Bi, Y.-A,; Lai, Y.; Duckworth, J.; Fenner, K.; Troutman, M.D.; et al.
Mechanistic insights from comparing intrinsic clearance values between human liver microsomes and hepatocytes to guide drug
design. Eur. . Med. Chem. 2012, 57, 441-448. [CrossRef] [PubMed]

Shimada, T.; Mimura, M.; Inoue, K.; Nakamura, S.-I.; Oda, H.; Ohmori, S.; Yamazaki, H. Cytochrome P450-dependent drug
oxidation activities in liver microsomes of various animal species including rats, guinea pigs, dogs, monkeys, and humans. Arch.
Toxicol. 1997, 71, 401-408. [CrossRef]

Tanaka, E.; Ishikawa, A.; Horie, T. In vivo and in vitro trimethadione oxidation activity of the liver from various animal species
including mouse, hamster, rat, rabbit, dog, monkey and human. Hum. Exp. Toxicol. 1999, 18, 12-16. [CrossRef]

Amri, H.S.-E.; Batt, A.M.; Siest, G. Comparison of cytochrome P-450 content and activities in liver microsomes of seven animal
species, including man. Xenobiotica 1986, 16, 351-358. [CrossRef] [PubMed]

Skaanild, M.T.; Friis, C. Cytochrome P450 Sex Differences in Minipigs and Conventional Pigs. Pharmacol. Toxicol. 1999, 85,
174-180. [CrossRef] [PubMed]

Stevens, ].C.; Shipley, L.A.; Cashman, J.R.; Vandenbranden, M.; Wrighton, S.A. Comparison of human and rhesus monkey in vitro
phase I and phase II hepatic drug metabolism activities. Drug Metab. Dispos. 1993, 21, 753-760. [PubMed]

Shimada, T.; Yamazaki, H.; Mimura, M.; Inui, Y.; Guengerich, FP. Interindividual variations in human liver cytochrome P-450
enzymes involved in the oxidation of drugs, carcinogens and toxic chemicals: Studies with liver microsomes of 30 Japanese and
30 Caucasians. J. Pharmacol. Exp. Ther. 1994, 270, 414-423.

Nedelcheva, V.; Gut, I. P450 in the rat and man: Methods of investigation, substrate specificities and relevance to cancer.
Xenobiotica 1994, 24, 1151-1175. [CrossRef]

Eguchi, K.; Nishibe, Y.; Baba, T.; Ohno, K. Quantitation of cytochrome P450 enzymes (CYP1A1/2, 2B11, 2C21 and 3A12) in dog
liver microsomes by enzyme-linked immunosorbent assay. Xenobiotica 1996, 26, 755-763. [CrossRef]

Edwards, R.J.; Murray, B.P; Murray, S.; Schulz, T.; Neubert, D.; Gant, T.W.; Thorgeirsson, S.S.; Boobis, A.R.; Davies, D.S.
Contribution of CYP1A1 and CYP1A2 to the activation of heterocyclic amines in monkeys and human. Carcinogenesis 1994, 15,
829-836. [CrossRef]

Sakuma, T.; Hieda, M.; Igarashi, T.; Ohgiya, S.; Nagata, R.; Nemoto, N.; Kamataki, T. Molecular cloning and functional analysis of
cynomolgus monkey CYP1A2. Biochem. Pharmacol. 1998, 56, 131-139. [CrossRef]

Uehara, S.; Murayama, N.; Nakanishi, Y.; Zeldin, D.C.; Yamazaki, H.; Uno, Y. Immunochemical Detection of Cytochrome P450
Enzymes in Liver Microsomes of 27 Cynomolgus Monkeys. J. Pharmacol. Exp. Ther. 2011, 339, 654-661. [CrossRef]

Bullock, P; Pearce, R.; Draper, A.; Podval, J.; Bracken, W.; Veltman, J.; Thomas, P.; Parkinson, A. Induction of liver micro-somal
cytochrome P450 in cynomolgus monkeys. Drug Metab. Dispos. 1995, 23, 736-748.

Sadrieh, N.; Snyderwine, E.G. Cytochromes P450 in cynomolgus monkeys mutagenically activate 2-amino-3-methylimidazo(4,
5-f)quinoline (IQ) but not 2-amino-3, 8-dimethylimidazo[4,5-f]quinoxaline(MelQx). Carcinogenesis 1995, 16, 1549-1555. [CrossRef]
[PubMed]

Berthou, F; Guillois, B.; Riche, C.; Dreano, Y.; Jacqz-Aigrain, E.; Beaune, PH. Interspecies variations in caffeine metabolism
related to cytochrome P4501A enzymes. Xenobiotica 1992, 22, 671-680. [CrossRef]

Bogaards, ].J.P.; Bertrand, M.; Jackson, P.; Oudshoorn, M.].; Weaver, R.J.; Van Bladeren, PJ.; Walther, B. Determining the best
animal model for human cytochrome P450 activities: A comparison of mouse, rat, rabbit, dog, micropig, monkey and man.
Xenobiotica 2000, 30, 1131-1152. [CrossRef] [PubMed]

Chauret, N.; Gauthier, A.; Martin, J.; Nicoll-Griffith, D.A. In vitro comparison of cytochrome P450-mediated metabolic ac-tivities
in human, dog, cat, and horse. Drug Metab. Dispos. 1997, 25, 1130-1136. [PubMed]


http://doi.org/10.1124/dmd.105.006411
http://doi.org/10.1016/j.nucmedbio.2019.12.001
http://doi.org/10.1002/rcm.6520
http://doi.org/10.1016/j.nucmedbio.2006.07.006
http://www.ncbi.nlm.nih.gov/pubmed/17045169
http://doi.org/10.3390/ph12020057
http://www.ncbi.nlm.nih.gov/pubmed/31013984
http://doi.org/10.3109/00498254.2010.530700
http://doi.org/10.1016/j.ejmech.2012.06.043
http://www.ncbi.nlm.nih.gov/pubmed/22840492
http://doi.org/10.1007/s002040050403
http://doi.org/10.1177/096032719901800102
http://doi.org/10.3109/00498258609043538
http://www.ncbi.nlm.nih.gov/pubmed/3087069
http://doi.org/10.1111/j.1600-0773.1999.tb00088.x
http://www.ncbi.nlm.nih.gov/pubmed/10563516
http://www.ncbi.nlm.nih.gov/pubmed/7902232
http://doi.org/10.3109/00498259409038673
http://doi.org/10.3109/00498259609046746
http://doi.org/10.1093/carcin/15.5.829
http://doi.org/10.1016/S0006-2952(98)00100-2
http://doi.org/10.1124/jpet.111.185009
http://doi.org/10.1093/carcin/16.7.1549
http://www.ncbi.nlm.nih.gov/pubmed/7614688
http://doi.org/10.3109/00498259209053129
http://doi.org/10.1080/00498250010021684
http://www.ncbi.nlm.nih.gov/pubmed/11307970
http://www.ncbi.nlm.nih.gov/pubmed/9321515

Pharmaceuticals 2021, 14, 277 19 of 19

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Nishimuta, H.; Nakagawa, T.; Nomura, N.; Yabuki, M. Species differences in hepatic and intestinal metabolic activities for 43
human cytochrome P450 substrates between humans and rats or dogs. Xenobiotica 2013, 43, 948-955. [CrossRef] [PubMed]
Nishimuta, H.; Sato, K.; Mizuki, Y.; Yabuki, M.; Komuro, S. Species differences in intestinal metabolic activities of cytochrome
P450 isoforms between cynomolgus monkeys and humans. Drug Metab. Pharmacokinet. 2011, 26, 300-306. [CrossRef]

Sharer, J.E.; Shipley, L.A.; Vandenbranden, M.R.; Binkley, S.N.; Wrighton, S.A. Comparisons of phase I and phase II in vitro
hepatic enzyme activities of human, dog, rhesus monkey, and cynomolgus monkey. Drug Metab. Dispos. 1995, 23, 1231-1241.
[PubMed]

Weaver, R.].; Thompson, S.; Smith, G.; Dickins, M.; Elcombe, C.R.; Mayer, R.T.; Burke, M. A comparative study of constitutive and
induced alkoxyresorufin O-dealkylation and individual cytochrome P450 forms in cynomolgus monkey (Macaca fascicularis),
human, mouse, rat and hamster liver microsomes. Biochem. Pharmacol. 1994, 47, 763-773. [CrossRef]

Berthou, E; Flinois, J.P.; Ratanasavanh, D.; Beaune, P; Riche, C.; Guillouzo, A. Evidence for the involvement of several cy-
tochromes P-450 in the first steps of caffeine metabolism by human liver microsomes. Drug Metab. Dispos. 1991, 19, 561-567.
[PubMed]

Yamazaki, M.; Wakasugi, C. Postmortem changes in drug-metabolizing enzymes of rat liver microsome. Forensic Sci. Int. 1994, 67,
155-168. [CrossRef]

MacLeod, S.M.; Renton, K.W.; Eade, N.R. Post mortem characteristics of the hepatic microsomal drug oxidising enzyme system.
Chem. Interact. 1973, 7, 29-37. [CrossRef]

Leadbeater, L.; Davies, D. The stability of the drug metabolising enzymes of liver microsomal preparations. Biochem. Pharmacol.
1964, 13, 1607-1617. [CrossRef]

Jakobsson, S.W.; Okita, R.T.; Mock, N.I.; Masters, B.S.S.; Buja, L.M.; Prough, R.A. Monooxygenase Activities of Human Liver,
Lung, and Kidney Microsomes—A Study of 42 post mortem Cases. Acta Pharmacol. Toxicol. 1982, 50, 332-341. [CrossRef]
Jondorf, W.R.; Donahue, J.D. Post-mortem changes in liver microsomal protein-synthesizing activity. Biochem. ]. 1970, 119,
50P-51P. [CrossRef]

Holschbach, M.H.; Bier, D.; Wutz, W.; Willbold, S.; Olsson, R.A. Synthesis of the Main Metabolite in Human Blood of the
AlAdenosine Receptor Ligand ['8F]CPFPX. Org. Lett. 2009, 11, 4266-4269. [CrossRef]

Holschbach, M.H.; Bier, D.; Sihver, W.; Schulze, A.; Neumaier, B. Synthesis and Pharmacological Evaluation of Identified and
Putative Metabolites of the A1 Adenosine Receptor Antagonist 8-Cyclopentyl-3-(3-fluoropropyl)-1-propylxanthine (CPFPX).
ChemMedChem 2017, 12, 770-784. [CrossRef]

Schneider, D.; Bier, D.; Bauer, A.; Neumaier, B.; Holschbach, M. Influence of incubation conditions on microsomal metabolism of
xanthine-derived A1l adenosine receptor ligands. J. Pharmacol. Toxicol. Methods 2019, 95, 16-26. [CrossRef] [PubMed]

Obach, R.S.; Baxter, ].G.; Liston, T.E.; Silber, B.M.; Jones, B.C.; MacIntyre, E.; Rance, D.].; Wastall, P. The prediction of human
pharmacokinetic parameters from preclinical and in vitro metabolism data. . Pharmacol. Exp. Ther. 1997, 283, 46-58. [PubMed]


http://doi.org/10.3109/00498254.2013.787155
http://www.ncbi.nlm.nih.gov/pubmed/23593983
http://doi.org/10.2133/dmpk.DMPK-10-SH-119
http://www.ncbi.nlm.nih.gov/pubmed/8591724
http://doi.org/10.1016/0006-2952(94)90475-8
http://www.ncbi.nlm.nih.gov/pubmed/1680620
http://doi.org/10.1016/0379-0738(94)90086-8
http://doi.org/10.1016/0009-2797(73)90013-6
http://doi.org/10.1016/0006-2952(64)90215-1
http://doi.org/10.1111/j.1600-0773.1982.tb00984.x
http://doi.org/10.1042/bj1190050Pb
http://doi.org/10.1021/ol900169f
http://doi.org/10.1002/cmdc.201600592
http://doi.org/10.1016/j.vascn.2018.11.005
http://www.ncbi.nlm.nih.gov/pubmed/30476620
http://www.ncbi.nlm.nih.gov/pubmed/9336307

	Introduction 
	Results 
	In Vitro Intrinsic Clearance 
	Metabolite Profiles 
	Enone Metabolite Formation in Liver Microsomes 

	Discussion 
	Materials and Methods 
	Compounds 
	Reagents and Solvents 
	In Vitro Studies 
	Determination of In Vitro Intrinsic Clearance 
	Metabolite Analysis 
	Enone Metabolite Formation 

	Data Analysis 

	Conclusions 
	References

