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Affic{e history: Sildenafil metabolism in liver microsomes obtained from different species was studied in vitro and com-
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Sildenafil (1, 5, and 25 wM) was incubated with rat, mouse, dog, monkey, and human liver micro-
somes along with NADPH, and the reaction mixtures were analyzed by LC/MS to obtain species-specific
metabolic profiles of sildenafil. A total of 12 metabolites were detected and their peak area ratio val-
ues were used as variables for multivariate analyses to evaluate the interspecies differences in sildenafil
metabolism. Principal components analysis of the metabolic profiles showed that the mouse samples
were generally clustered closer to the human samples on the principal component score plot. Similar-
ity index (SI) indicated that sildenafil metabolism in mice, compared to the other animals, was highly
analogous (SI=0.764 at 25 uM) to that in humans. These results suggest that LC/MS-based multivari-
ate analytical approaches are useful for the evaluation of interspecies differences in the metabolism of
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1. Introduction

Drug metabolism and pharmacokinetic properties of new chem-
ical entities are extensively investigated at various stages of drug
discovery and development [1]. In particular, drug metabolism is
important in that it reveals the pharmacological activity and toxi-
cological implications of a drug to ensure that it can be used safely
in humans. In the lead discovery and optimization phases, drug
metabolism properties are screened using in vitro systems such
as microsomes, S9 fractions, and/or hepatocytes, and compounds
with favorable metabolic stability are selected [2-5]. The in vitro
systems are used to characterize and compare metabolic pathways
across species to determine whether major metabolites in humans
are appropriately reflected in nonclinical species selected for safety
or toxicological studies [6]. Based on in vitro metabolism profiles,
in vivo metabolism studies are further conducted through the late
preclinical and phase I/II clinical trials [1].

Liquid chromatography-mass spectrometry (LC/MS) provides a
powerful solution for investigating the metabolism of xenobiotics
and is commonly used in various phases of drug discovery and
development. Recently, LC/MS analysis has been combined with
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multivariate chemometric techniques such as principal compo-
nent analysis (PCA) and used for metabolomic and metabonomic
studies [7-11]. These approaches can be used to visualize the
enormous datasets collected from biological samples by describ-
ing an n-dimensional space of the variable metabolic profile as a
smaller number of dimensions. Additionally, by using a mathemat-
ical technique such as a similarity analysis, the similarity between
multi-dimensional datasets can be represented by a score, and the
datasets be clearly compared with each other [12,13]. In this con-
text, LC/MS analysis coupled with multivariate techniques can be
successfully employed for investigation of xenobiotic metabolism,
particularly, comparative metabolism of xenobiotics with numer-
ous metabolites in different species, in which case multiple datasets
should be analyzed and compared simultaneously.

Sildenafil is a cGMP-specific phosphodiesterase type 5 (PDE5)
inhibitor and well known as a drug used to treat erectile dys-
function [14]. The in vitro and in vivo metabolism of sildenafil has
already been extensively investigated in various species [15,16].
According to a previous study [15], 10 metabolites were detected in
experimental animal and human samples, and the major metabolic
pathways of sildenafil were piperazine N-demethylation, pyrazole
N-demethylation, loss of a 2-carbon fragment from the piper-
azine ring (N,N’-deethylation), oxidation of the piperazine ring,
and aliphatic hydroxylation. The metabolic profile of sildenafil
metabolism differs among species. Therefore, a multivariate
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analysis approach could help to comprehensively understand and
clearly compare sildenafil metabolism in different species.

In the present study, a novel application of PCA and similar-
ity index (SI) was studied to evaluate the interspecies differences
in metabolism of a xenobiotic by using sildenafil as a model
compound. For a comparative metabolism study, sildenafil was
incubated with liver microsomes collected from 5 different species,
the reaction mixtures were analyzed by LC/MS, and the metabolic
profiling data based on the LC/MS chromatogram were subjected
to PCA and similarity analysis.

2. Materials and methods
2.1. Chemicals

Sildenafil citrate (purity, 99.9%) and mirodenafil HCI (purity,
>99%) were donated by SK Ltd. (Suwon, Korea). Pooled human,
rat, and mouse liver microsomes were obtained from BD Gen-
test (Woburn, MA, USA), and pooled monkey and dog liver
microsomes, from In Vitro Technologies, Inc. (Baltimore, MD,
USA) (Supplemental Table S1). Glucose-6-phosphate, 3-NADP* and
glucose-6-phosphate dehydrogenase were obtained from Sigma
Chemical Co. (St. Louis, MO, USA). All other chemicals used were
of analytical grade and were used as received.

2.2. Biotransformation of sildenafil

Sildenafil (at final concentrations of 1, 5, and 25 M) was incu-
bated in triplicate with 1 mg/mL microsomal protein in 0.1 M
potassium phosphate buffer, pH 7.4, at 37°C for 90min in a
final incubation volume of 200 wL. The reaction was initiated
by the addition of an NADPH-generating system (NGS) contain-
ing 0.8 mM (3-NADP*, 10 mM glucose-6-phosphate, and 1 unit of
glucose-6-phosphate dehydrogenase to the reaction mixture. After
incubation, 5 L of the internal standard solution (1 pg/mL of miro-
denafil) was added, followed by 1 mL of ethylacetate for extraction.
The organic layer (900 L) was collected and evaporated to dryness
under nitrogen. The residue was reconstituted with 100 L of 50%
MeOH with 0.1% formic acid and injected into an HPLC column.

2.3. Instruments

The LC/MS system consisted of an HP 1100 series HPLC sys-
tem (Agilent, Palo Alto, CA, USA) with an LC/MSD ion-trap mass
spectrometer equipped with an electrospray ionization (ESI) source
(Agilent, Palo Alto, CA, USA). The column used for the separa-
tion was a Hypersil GOLD 3 M (2.1 mm x 150 mm, Thermo Fisher
Scientific Inc, Pittsburgh, PA, USA). The column temperature was
maintained at 40 °C by using a thermostatically controlled column
oven. The HPLC mobile phases consisted of 0.1% formic acid (A) and
90% acetonitrile in 0.1% formic acid (B), and a gradient program was
used for the HPLC separation at a flow rate of 0.22 mL/min. The ini-
tial composition of the mobile phases was 20% of B, programmed
linearly to 45% of B after 40 min, and held for 1 min. The entire col-
umn eluent was directly introduced into an ESI interface through a
50 cm-long PEEK tubing (i.d., 0.13 mm). Nitrogen was used both as
the nebulizing gas at 40 psi and as the drying gas with a flow rate
of 8 L/min at a temperature of 350 °C. The mass spectrometer was
operated in the positive ion mode in a mass range of m/z 250-450.
Helium was used as collision gas for tandem mass spectrometric
experiments. Fragmentation was induced with a resonant excita-
tion amplitude of 0.6V, followed by an isolation of the precursor
ion over a selected mass window of 1 Da.

High-resolution and high-accuracy MS experiments were con-
ducted with Finnigan LTQ Orbitrap mass spectrometer (Thermo
Fisher Scientific Inc., Waltham, MA, USA). Acquisition and analysis
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Fig. 1. Representative extracted ion chromatogram of sildenafil and its metabolites
produced following the incubation with human liver microsomes.

of the data were performed using Xcalibur (Version 2.2, Thermo
Fisher Scientific Inc.,, Waltham, MA, USA). Full-scan MS spectra
were acquired for the accurate measurement of the masses of
sildenafil and its metabolites. The column, column temperature,
HPLC mobile phases, and gradient program were used as described
above. Nitrogen at 270°C was used as sheath and auxiliary gas
at 40 and 20 arbitrary units, respectively. The mass spectrometer
was operated in the positive ion mode in the mass range of m/z
150-450. Ion spray voltage was adjusted to 4500V. Helium was
used as collision gas for the tandem mass spectrometric experi-
ments.

2.4. Data analysis

For pattern recognition analysis, 14 peaks, including the peaks of
sildenafil, the internal standard, and postulated metabolites, were
selected on the basis of peak heights (S/N > 5). The peaks were iden-
tified by relative retention time and the m/z value of protonated
ions. The dataset was constructed with the peak-area ratios of the
selected peaks. Subsequently, the dataset was evaluated by PCA
using SPSS 13.0 software (SPSS Inc., Chicago, IL, USA). The principal
component (PC) score plots of the first 3 PCs were generated from
the results of the PCA. The SI between the metabolic profiles of
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Table 1
Accurate mass measurement of sildenafil and its metabolites found in human liver microsomes.
Compounds [M+H]* AM Measured mass (Da) Elemental composition Theo. mass (Da) Error (ppm)
Sildenafil 475 - 475.21249 C2H3104N632S4 475.21220 0.61
M1 491 +16 491.20726 C22H3105N632S, 491.20712 0.29
M2 491 +16 491.20676 C22H3105N632S, 491.20712 -0.76
M3 491 +16 491.20675 C2H3105N632S, 491.20712 -0.74
M4 491 +16 N.D. C22H3105N632S, 491.20712 N.D.
M5 491 +16 491.20685 C22H3105N632S, 491.20712 —0.54
M6 491 +16 491.20738 CyH3105N632S, 491.20712 0.54
M7 377 -98 377.12799 C17H2104N432S, 377.12780 0.50
M8 447 -28 447.18083 C20H2704N632S, 447.18090 -0.16
M9 435 —-40 435.18098 C19H2704N632S, 435.18090 0.18
M10 449 -26 449.19676 C20H2004N632S4 449.19655 0.47
M11 461 -14 461.19642 C21H2904N632S4 461.19655 -0.28
M12 461 -14 461.19668 C21H2904N632S, 461.19655 0.28
N.D.: not detected in human liver microsomes.
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Fig. 2. Collision induced dissociation spectra of protonated sildenafil and M7.
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Fig. 3. Postulated metabolic pathway of sildenafil in liver microsomes.

human and the other species was calculated using the Bray—Curtis
equation as follows [12]:

Zf:l min(XU-, Xik)

ST = 2 &<i=]
E,‘:1 (Xl] + Xik)

3. Results
3.1. Invitro metabolic profiling
The incubation of sildenafil with human, mouse, rat, mon-

key, and dog liver microsomes (HLM, MLM, RLM, MKLM, and
DLM) in the presence of NADPH generated 12 metabolite peaks

(S/N>5), shown in Fig. 1. When sildenafil was incubated with-
out microsomes, no metabolites were observed, indicating that
all metabolites were generated in the presence of microsomal
enzymes (data not shown). In HLM, 11 metabolites, except M4,
were found at a concentration of 1-25 wM. In MLM and MKLM, all
the metabolites were detected. Eight metabolites, except M1, M3,
M4, and M11,in RLM and 7 metabolites, including M6-M12, in DLM
were detected (Supplemental Fig. S1).

The MH* ions of the metabolites in the HLM sample were
identified by high resolution/full-scan MS detection (Table 1). The
metabolites M1-M6 were observed at m/z 491, indicating mono-
hydroxylation on the aliphatic or piperazine moiety; M10, at m/z
449, indicating piperazine N,N-deethylation; M11 and M12, at m/z
461, by piperazine and pyrazole N-demethylation; M9, at m/z 435,
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Fig. 4. Representative overlaid total ion chromatograms (at 25 wM of sildenafil) (A) and peak area map plotting the peak-area ratios of analytes versus the internal standard
(B) for sildenafil and its potential metabolites following microsomal incubation of sildenafil. HLM, human liver microsomes; MLM, mouse liver microsomes; RLM, rat liver

microsomes; MKLM, monkey liver microsomes; DLM, dog liver microsomes.

by piperazine N,N-deethylation from M10 and M12; M8, at m/z 447,
by N-didemethylation on the pyrazole and piperazine moiety from
M11 and M12; and M7, at m/z 377, by loss of the piperazine ring.
Almost all of the metabolites, except M7, found in this study were
found in previous studies [15]. The elemental composition analysis
and collision-induced dissociation fragmentation pattern (Fig. 2)
indicated that M7 is generated from the loss of the piperazine ring.
M7 was found in all species investigated (Supplemental Fig. S1)
and this metabolic pathway was also found after the metabolism of
mirodenafil, an analog of sildenafil [17]. In addition, more hydrox-
ylated metabolites were found in this study than in the previous
study [15]. The postulated metabolic pathway is presented in Fig. 3.

3.2. Pattern recognition analysis using PCA

The overlaid total ion chromatogram and the corresponding
peak area map for the sildenafil metabolic profile in different
species are shown in Fig. 4. Based on the chromatographic data
for each species, PCA was conducted. According to the PCA results,
the first 3 PCs, PC1, PC2, and PC3, showed more than 88.6% of
the total variability (data not shown). The PC score plots showed
distinctive and isolated clusters for each species, indicating a char-
acteristic interspecies variation for sildenafil metabolism (Fig. 5A).
At a concentration of 1 wM sildenafil, the HLM group showed posi-

tive scores on all of PCs, i.e., PC1, PC2, and PC3, and was distinct from
all the other groups. At 10 wM, HLM, MLM, and MKLM groups were
clustered together, whereas RLM and DLM groups were located
apart from the above-mentioned groups on PC2 and PC3. At 25 M,
the HLM group characterized by negative scores on PC2 was clus-
tered with the MLM group and separated from the other groups
that had positive scores on PC2. These findings suggest the poten-
tial similarity in the metabolic profiles of mice and monkeys with
that of humans.

The loading plots presenting loading values of the variables
associated with the first 3 PCs, i.e., PC1, PC2, and PC3, are shown in
Fig. 5B. From the loading plot, M10 may be a characteristic metabo-
lite present at a low concentration (1 wM) in humans; the peak
of the parent drug (sildenafil) was the most contributive factor
in characterizing its metabolism in humans as its concentration
increases. M6 and M9 were found to be distinctive metabolites that
distinguished the metabolism patterns in dogs and rats from those
in humans.

3.3. SI measurement between human and other species

The SI values of the metabolism patterns between humans
and other species were calculated using the Bray-Curtis equation
(Table 2). At a low concentration of sildenafil (1 wM), all species
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Fig. 5. PC score plots (A) and loading plots (B) for metabolism profiles of sildenafil in liver microsomes from 5 species.

Table 2
Slindex between sildenafil metabolism patterns of a human and other species.

Species The concentration of sildenafil (M)

1 5 25
Mouse 0.390 + 0.031° 0.698 + 0.046 0.764 + 0.070?
Rat 0.401 + 0.016° 0.420 £ 0.009¢ 0.340 £ 0.004¢
Monkey 0.509 + 0.013? 0.491 + 0.021P< 0.504 + 0.010°
Dog 0.396 + 0.003" 0.510 + 0.014° 0.422 + 0.005°¢

Each value represents the mean = S.E. of triplicate tests. Duncan’s t-test was used
to investigate statistical significance of data. The significant values at P<0.05 were
represented as different alphabets.

had low SI values, i.e., less than 0.5. However, mice showed a pat-
tern similar to humans as the concentration increased and were the
closest to humans in terms of sildenafil metabolism (SI=0.764). The
SIvalues of the other species were low at the concentrations tested.
Generally, the SI results were comparable to the PCA results.

4. Discussion

In this study, we attempted to use chemometric approachesi.e.,
PCA, a type of pattern-recognition analysis, and SI measurement, to
investigate interspecies differences in sildenafil metabolism. The
metabolic profile at 3 concentration levels of sildenafil (1, 5, and
25 M) was characterized and applied to PCA and SI measure-
ment. The concentrations investigated in the present study were
chosen on the basis of the Ky, value of sildenafil for the major
metabolic reaction and its toxic concentration. Sildenafil is known
to be metabolized by CYPs to yield an N-demethylated metabo-
lite, UK-103,320 (M12), as the main circulating metabolite [15,18].
According to a report by Warrington et al. [16], in human liver

microsomes, the Ky, of sildenafil for the formation of UK-103,320
was 14.4 pM. Therefore, a concentration range that includes the
lower and higher values than the Ky, value was chosen so that
possible changes in the metabolic profile after metabolic satura-
tion could be observed. In addition, 30 wM of sildenafil is known to
prolong cardiac repolarization, which is relevant to cardiac toxic-
ity [19,20]. The highest concentration tested in this study (25 uM),
which is close to the toxic concentration, reflects the metabolic
profile under the conditions in which the drug is toxic.

The PCA results for the metabolism profile of sildenafil are rep-
resented by the scores and loading plots (Fig. 5). The PC score plot
shows the interspecies variation in sildenafil metabolism at differ-
ent concentrations. As the concentration changed, the pattern of
PC scores for each species also changed. At a low concentration
of sildenafil (1 uM), the metabolism in humans was not similar
to that in the other species. However, the data points for humans
gradually shifted positively on the PC2 axis as the concentration
increased and clustered with the data points of MKLM and MLM
at 5uM and 25 M, respectively. Considering the Ky, of sildenafil
for the major metabolic reaction (14.4 M), these changes in the
PC pattern are thought to be attributed to metabolic saturation of
sildenafil in HLM. This is supported by the peak area map (Fig. 2B),
where sildenafil gradually occupied a larger portion, depending on
the concentration. The loading plot showed the variables respon-
sible for the results of the score plot. The results of the loading plot
showed that M1, M6, M9, M10, M12, and the parent drug sildenafil
considerably contributed to the characterization of the metabolic
profile of each species on the basis of the PC scores. The high silde-
nafil content was a decisive factor characterizing the metabolic
profile of sildenafil in humans at toxic concentrations.

Furthermore, a similarity analysis based on matching of datasets
with the human dataset was performed for the other species. The
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similarity analysis scores indicate the extent of similarity between
2 different datasets as SI values and provide clearer information
while various datasets are compared. For example, it could be used
to select an experimental animal that has a metabolism pattern
closer to that of humans. The results of this study show that mice
had the highest SI value among the species tested, and this finding
is consistent with the results of the PCA.

In nonclinical safety studies, suitable animal models for toxi-
cology studies should have metabolic profiles comparable to that
of humans [21]. Thus, it is favorable to select an animal species
with an equivalent or similar metabolic pattern to that of humans.
However, the comparison of metabolic profiles between animals
and humans is sometimes ambiguous when drugs possess a com-
plex pattern of metabolism (Fig. 4). Thus, a multivariate statistical
approach could be used to investigate the comparative metabolism
of a xenobiotic and suggest animal models for preclinical toxicology
studies. In the case of sildenafil, mouse and monkey could be chosen
as the toxicology species on the basis of PCA and SI. Further, their
metabolic profiles reflected all metabolites produced in humans,
including the active metabolite M12. Use of various weighting pro-
cesses before PC or Sl analysis [22], particularly positive or negative
weighting to specific metabolites such as active/toxic metabo-
lites and missing/superfluous metabolites, in certain species could
provide highly accurate results in the assessment of metabolic
behavior.

5. Conclusion

In conclusion, a study of interspecies differences in the
metabolism of sildenafil was conducted using an LC/MS analysis
combined with multivariate analysis approaches such as PCA and
similarity analysis. This approach allowed us to elucidate the sim-
ilarity of metabolic patterns of different species, which may be a
useful tool to evaluate the comparative metabolism of xenobiotics.
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