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We recently developed a prodrug (AS1932804-00, CMP) of the novel FVIIa inhibitor AS1924269-00, which
possesses a carbamate amidine backbone. In addition, we developed another type of prodrug (AS1927819-
00, OXP) with an oxime amidine backbone. In this study, we investigated the efficiency of conversion of these
novel FVIIa prodrugs to their active forms by evaluating the production of the active form in vitro by using
microsomes, mitochondria, and cryopreserved hepatocytes, and compared it with the in vivo conversion
mechanisms of the prodrugs (oxime amidine vs. carbamate amidine). We observed that OXP and CMP
showed improved oral absorption, and the efficiency of conversion of CMP to the active form was higher
than that of OXP. The in vivo rate of conversion of OXP to its active form was low in rats, and compared to
liver microsomes and mitochondria, cryopreserved hepatocytes supplemented with serum and coenzymes
were an appropriate metabolic test tool. On the other hand, the efficiency of conversion of CMP to its active
from could be appropriately evaluated using small intestinal microsomes. The development of a prodrug
can be optimized when information about the stability of carboxylic acid esters in the presence of serum
esterases, membrane permeability of intermediate forms, and differential tissue specificity to metabolic
activities for carbamate and oxime backbones of amidine can be obtained.

Abbreviations: CES, carboxyl esterase; FXa, factor Xa; FVIIa,
factor VIIa; GP IIb/IIIa, glycoprotein IIb/IIIa; HPLC, high- performance
liquid chromatography; LC-MS/MS, liquid chromatography-tandem
mass spectrometry; PAMPA, parallel artificial membrane perme-
ability; AUC, area under the curve; BA, bioavailability; Cmax,
maximum plasma concentration; Vss, volume of distribution
at steady state; CLtot, total body plasma clearance; T1/2, half
life; Fa, fraction absorbed; PK, pharmacokinetic; AS1924269-00,
(nominated as ACT) 2-{2-[({2-[(4-Carbamimidoylphenyl)carbamoyl]-
4-methoxyphenyl}amino)methyl]-4-(hydroxymethyl)-6-(propan-2-
yloxy)phenoxy}acetic acid; AS1928272-00, (nominated as OXI)
2-(2-{[(2-{[4-(N’-hydroxycarbamimidoyl)phenyl]carbamoyl}-4-
methoxyphenyl)amino]methyl}-4-(hydroxymethyl)-6-(propan-2-
yloxy)phenoxy)acetic acid; AS1927819-00, (nominated as OXP)
Ethyl2-(2-{[(2-{[4-(N’-hydroxycarbamimidoyl)phenyl]carbamoyl}-
4-methoxyphenyl)amino]methyl}-4-(hydroxymethyl)-6-(propan-2-
yloxy)phenoxy)acetate; AS1937090-FO, (nominated as CMI) 2-[2-
({[2-({4-[(Amino[(ethoxycarbonyl)imino]methyl)phenyl]carbamoyl}-
4-methoxyphenyl)amino]methyl}-4-(hydroxymethyl)-6-(propan-2-
yloxy)phenoxy)acetic acid; AS1932804-00, (nominated as CMP)
Ethyl2-[2-({[2-({4-[(amino[(ethoxycarbonyl)imino]methyl)phenyl]
carbamoyl}-4- methoxyphenyl)amino]methyl}-4-(hydroxymethyl)-
6-(propan-2-yloxy)phenoxy)acetate KDN-7429 (Internal standard)
2-[4-(Carbamoylmethyl)-2-{[(4-chloro-2-{[4-(N’-hydroxycarbamimidoyl)
phenyl]carbamoyl}phenyl)-amino]methyl}-6-ethoxyphenoxy]acetic acid ;.

1. Introduction

Recently developed blood coagulation inhibitors such as
sibrafiban (a glycoprotein IIb/IIIa receptor inhibitor) (Wittke
et al. 1999), ximelagatran (an antithrombin agent) (Eriksson
et al. 2003), and dabigatran etexilate (antithrombin agent) (Blech
et al. 2008) possess an amidine backbone that retains their
inhibitory activities but reduces their extent of oral absorption.
Therefore, to improve the oral absorption of blood coagula-
tion inhibitors, the hydroxyl or carbamate group was further
introduced at the amidine position and the carboxylic acid was
esterified. Despite these chemical modifications, the bioavail-
ability (BA) of the active form was only 10–20% (Eriksson et al.
2003).
Microsomal and mitochondrial metabolism causes a reduction
of oxime amidine in vitro, and ximelagatran is metabolized to
the active form by reduction in the liver microsomes (Clement
et al. 2005; Anderson et al. 2005, Fig. 1). We developed a blood
coagulation inhibitor, AS1924269-00 (ACT), which is a low-
molecular-weight amidine compound with an inhibitory effect
on FVIIa but has low oral absorption. In this study, we attempted
to develop a prodrug of this compound with improved oral
absorption, as also applied for ximelagatran and dabigatran.
We recently developed a prodrug (AS1932804-00, CMP) of
the novel FVIIa inhibitor (AS1924269-00, ACT), which pos-
sesses a carbamate and amidine backbone. The prodrug showed
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Fig. 1: Metabolic pathways of ximelagatran. Ximelagatran is converted to hydroxymelagatran and ethylmelagatran, and subsequently, these metabolites are converted to
melagatran

increased Caco-2 membrane permeability and oral absorption
in rats. The BA of the ACT was only 0.3%, but that after oral
administration of a carbamate prodrug (CMP) was 36.1%, which
suggested that the carbamate prodrug was rapidly hydrolyzed to
its active form after oral absorption (Nakabayashi et al. 2013).
In this study, we investigated the efficiency of conversion of the
novel FVIIa prodrugs to their active forms by evaluating the
in vitro production of the active form using microsomes, mito-
chondria, and cryopreserved hepatocytes, and we compared the
in vivo conversion mechanisms of the different prodrugs (oxime
amidine vs. carbamate amidine) to the in vitro mechanisms.

2. Investigation and results

2.1. In vitro experiments

The active form of ximelagatran (i.e., melagatran) was produced
in the liver microsomes and mitochondria of the rat at a rate
of 50–120 pmol/min/mg (Table 1). AS1927819-00 (OXP) was
metabolized in the liver microsomes and mitochondria to gen-
erate its active form; the rates of production of the active form
were equivalent to or higher than those of ximelagatran in both
rat liver microsomes and mitochondria. In contrast, no active
form of the carbamate amidine prodrug, CMP, was detected in
the liver microsomes or mitochondria.
We also investigated the production of the active form in small
intestinal microsomes of the rat (Table 2). No active form
was produced from an oxime amidine prodrug, ximelagatran,

and small amounts were produced from OXP. In contrast, we
observed marked conversion of CMP to its active form.
When the oxime amidine prodrugs, ximelagatran and OXP, were
added to rat cryopreserved hepatocytes, the concentration of
the active form measured after 1, 2, and 4 h showed a time-

Table1: In vitro bioactivation of OXP, CMP, and ximelagatran
to theparent amidine drug by hepatic microsomes and
mitochondria of the ratwith NADH or NADPH

Source Cofactor Conversion rate (pmol/min/mg) [a]

OXP Microsome NADH 46.6 ± 7.2
NADPH 35 ± 2.2

Mitochondria NADH 218 ± 5.4
NADPH 135 ± 3.5

CMP Microsome NADH ND
NADPH ND

Mitochondria NADH ND
NADPH ND

Ximelagatran Microsome NADH 124 ± 2.9
NADPH 100 ± 3.5

Mitochondria NADH 81 ± 7.5
NADPH 53.6 ± 2.9

OXP, AS1927819-00; CMP, AS1932804-00
[a] Conversion rates are means ± standard deviation (SD) of 3 determinations
ND, not detectable
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dependent increase, and the rate of production of the active form
from OXP was faster than that from ximelagatran (Table 3).
In the presence of serum, the rate of active form production was
higher in ximelagatran, whereas the active form was only weakly
produced from OXP. In contrast, no active form was detected in
cryopreserved hepatocytes of the rat treated with CMP.

2.2. In vivo experiments

The time-course of blood levels after the oral administration
of ximelagatran, OXP, and CMP at 10 mg/kg to rats is shown
in Fig. 2, and the pharmacokinetic parameters are shown in
Table 4–1. After oral administration of ximelagatran, its active
form, melagatran, was mainly detected, and the BAs of the active
form and the intermediate (hydroxymelagatran) were 7.0% and
1.2%, respectively. The area under the curve (AUC) of the
intermediate and active form as a percentage of the total AUC
(conversion rate) was 85%. For OXP, the intermediate (OXI)
was mainly detected. The BAs of OXI and the active form (ACT)
were 32.2% and 4.0%, respectively, and the conversion rate was
about 11%. The AUCs of OXI and the active form were 47.0
and 6.07 �mol·h/L, respectively.
The AUC of the active form after the oral administration
of ximelagatran was 3.12 �mol·h/L, and that for OXP was
6.07 �mol·h/L, which indicated that OXP surpassed ximelaga-
tran with regard to exposure to the active form.
After administration of CMP, the active form was mainly
detected. The BAs of the intermediate (CMI) and the active form
were 1.8% and 36.1%, respectively, and the conversion rate was
about 95%. The AUC of the active form was 54.3 �mol·h/L,
which was greater than that of orally administered ximelagatran.
The AUC of the active form after the oral administration of CMP
was about 9 times greater than that after the oral administration
of OXP. Therefore, the rate of conversion of the carbamate ami-
dine type prodrug to its active form was higher than that of the
oxime amidine type prodrug.
The time-course of blood levels after intravenous administra-
tion of the active form, melagatran, and ACT at 1 mg/kg are
shown in Fig. 3, and the pharmacokinetic parameters are shown
in Table 4–2. The volume of distribution at steady state (Vss) of
ACT was equivalent to that of melagatran, but its half-life was
longer, systemic clearance was relatively low, and the AUC was
about 4 times greater than that of ximelagatran.

3. Discussion

This study aimed to predict the production and metabolism of the
active form of novel FVIIa inhibitors in humans. To address this
issue, we validated the in vitro metabolic test systems. Detailed
clinical and preclinical studies have described the metabolism of
ximelagatran (an antithrombin agent); therefore, we evaluated
the in vitro metabolism of ximelagatran using rat liver and small
intestinal microsomes and mitochondria.

Table 2: In vitro bioactivation of OXP, CMP, and ximelagatran
to the parent amidine drug by intestinal microsomes
of the rat

Conversion rate (pmol/min/mg) [a]

OXP 8.4 ± 0.3
CMP 39.3 ± 2.5
Ximelagatran ND

OXP, AS1927819-00; CMP, AS1932804-00
[a] Conversion rates are means ± standard deviation (SD) of 3 determinations
ND, not detectable

Fig.3: Pharmacokinetics profiles of ACT (AS1924269-00) and melagatran after
intravenous administration to rats. Symbols and vertical bars represent the
mean ± standard deviation (SD) from 3 rats. The vertical bars are not shown
when SD falls within the symbol.

An oxime amidine prodrug, ximelagatran, was converted to its
active form mainly by reduction in the rat and human hepatic
samples (Clement et al. 2002). The rates of conversion of xime-
lagatran to its active form in rat microsomes and mitochondria
(1 mg/mL) shown in Table 1 were similar to those reported pre-
viously (Clement et al. 2002). In addition, a major difference
does not exist in the microsomal reduction of ximelagatran in
the presence of NADH between aerobic and anaerobic condi-
tions (Clement et al. 2005). Our study also showed no difference
in the rate of production of the active form between aerobic and
anaerobic conditions (data not shown), which indicated that aer-
obic conditions had a little effect on reductive metabolism. Thus,
we used aerobic conditions for in vitro metabolic experiments.
We examined the microsomal reductions of oxime ami-
dine prodrugs other than ximelagatran, including N,N′-
dihydroxyamidine (Reeh et al. 2007), diacetyldiamidoxime
(Clement et al. 2006), and benzamidoxime (Clement et al. 1997),
and compared to NADH, NADPH had a higher requirement as a
coenzyme. In addition, we compared the metabolism of a novel
FVIIa inhibitor, OXP, in the microsomes and the mitochondria
and observed that the reducing metabolic activity was higher in
the group in which NADH was added than in the group in which
NADPH was added (Table 1).
In addition, the rates of conversion of ximelagatran and OXP to
the active form were investigated using microsomes and mito-
chondria, and the conversion of OXP was equivalent or greater
than that of ximelagatran (Table 1).
However, examination of the blood levels of ximelagatran and
OXP after oral administration in rats showed that about 85% of
the administered ximelagatran was rapidly converted in to the
active form, whereas only about 11% of OXP were converted in
to the active form (Table 4–1).
The systemic clearance of the active form was lower than that of
melagatran in rats. In vitro microsomal and mitochondrial pro-
duction of the active form from OXP was favorable, but in vivo
the conversion was insufficient. The low blood levels of the
active form generated from the prodrugs in vivo in rats suggested
that there is a discrepancy between the in vivo and in vitro conver-
sion rates for OXP. Therefore, membrane permeability should be
considered for the in vivo production of the active form. A per-
meability test using Caco-2 cells revealed that an intermediate
with de-esterified carboxylic acid lost membrane permeabil-
ity and was not readily incorporated into cells (Nakabayashi
et al. 2013). The active form of a recently launched antithrom-
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Table 3: In vitro bioactivation of OXP, CMP, and ximelagatran to the parent amidine drug by cryopreserved hepatocytes of the rat
with or without rat serum

Cryopreserved rat hepatocytes

(nmol/h/106 cells) [a]

OXP rat serum without 2.42 ± 0.21
with 0.89 ± 0.05

CMP rat serum without 0.38 ± 0.02
with 0.13 ± 0.01

Ximelagatran rat serum without 2.92 ± 0.06
with 3.49 ± 0.13

OXP, AS1927819-00; CMP, AS1932804-00
[a] CLint, in vitro, in vitro intrinsic clearances observed when the prodrugs were converted to parent drugs in the suspended hepatocyte with or without rat serum.
Intrinsic clearances are expressed as means ± standard deviation (SD) of 3 determinations

Fig.2: Pharmacokinetics profiles of CMP (AS1932804-00), OXP (AS1927819-00), and ximelagatran after oral administration to rats. Symbols and vertical bars represent the
mean ± standard deviation (SD) from 3 rats. The vertical bars are not shown when SD falls within the symbol.

bin agent, dabigatran etexilate, is not a P-glycoprotein (P-gp)
substrate, while the prodrug (dabigatran etexilate) is a P-gp
substrate. Variable AUC and maximum plasma concentrations
(Cmax) have been reported clinically because of concomitant
administration with a P-gp substrate inhibitor or inducer (Ben-
del et al. 2011). Therefore, the use of a comprehensive in vitro
evaluation system using living cells will be more appropriate
than the in vitro reaction systems involving suspended enzymes
and enzyme fractions, such as microsomes and mitochondria.
Cryopreserved hepatocytes of various animal species have
recently become available and widely used in pharmacokinetic
studies. Suspension-type cryopreserved hepatocytes have also
been used in some in vitro drug interaction tests (Lu et al. 2008,
Shibata et al. 2008). The correlations of total body clearance
(CLtot) between metabolic tests using suspension-type cryop-
reserved hepatocytes and adhering cryopreserved hepatocytes
have been reported (Jouin et al. 2006). Furthermore, a higher
correlation with in vivo observation was obtained when serum
was added to the reaction system (Blanchard et al. 2006).
In this study, we evaluated the validity of the in vitro metabolic
test systems by comparing with in vivo conversion to the active
form using suspension-type cryopreserved hepatocytes in the
presence and absence of serum.

OXP, which is converted at a low rate in vivo, was rapidly con-
verted in to its active form by metabolism in cryopreserved
hepatocytes in the absence of serum (Table 2), similar to the rapid
conversion by microsomes and mitochondria. Thus, it was sug-
gested that an intermediate (OXI) was generated from OXP in the
presence of serum, and OXI permeation through the membrane
was low enough to generate the active form.
The rate of conversion of OXP in cryopreserved hepatocytes was
markedly decreased in the presence of serum. In contrast, the
rate of conversion of ximelagatran in cryopreserved hepatocytes
was favorable regardless of the presence or absence of serum.
An intermediate, CMI or OXI, corresponding to the hydrolyzed
form of the carboxylic acid ester was formed, but its stability
in the presence of serum esterases is another problem. Stability
of the carboxylic acid ester prodrug may also be important to
improve the conversion rate, because the de-esterified interme-
diate form of the prodrug, CMI or OXI, may not easily permeate
through the cells where the final active form will be produced.
Ximelagatran was more stable than OXP and CMP (Fig. 4). In
addition, studies using Caco-2 cells and parallel artificial mem-
brane permeability assay (PAMPA) showed that the membrane
permeability of the intermediate CMI was lower than that of the
prodrug (Nakabayashi et al. 2013).
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Table 4-1: Pharmacokinetic parameters after the oral administration of OXP, CMP, or ximelagatran to rats (10 mg/kg)

OXP AUC0-t �mol·h/L Cmax �mol/L BA (%) Ratio of parent drug (%)

as OXP ND ND ND
as OXI 47.0 ± 13.5 40.4 ± 6.44 32.2
as ACT 6.07 ± 1.13 2.39 ± 0.47 4.0 11

CMP AUC0-t �mol·h/L Cmax �mol/L BA (%) Ratio of parent drug (%)

as CMP ND ND ND
as CMI 2.43 ± 0.60 4.12 ± 0.47 1.8
as ACT 54.3 ± 12.1 24.2 ± 8.90 36.1 95

Ximelagatran AUC0-t �mo·h/L Cmax �mol/L BA (%) Ratio of parent drug (%)

as Ximelagatran ND ND ND
as Hydroxymelagatran 0.53 ± 0.01 1.28 ± 0.07 1.2
as Melagatran 3.12 ± 0.28 2.27 ± 0.12 7.0 85

OXP, AS1927819-00; OXI, AS1928272-00; CMP, AS1932804-00; CMI, AS1937090-FO;
ACT, AS1924269-00
Cmax, maximum plasma concentration
AUC0-t, area under the plasma concentration vs. time curve from zero to end point
BA(%), bioavailability
Ratio of parent drug, AUC0-t of parent drug/AUC0-t of total drugs
Each value is expressed as the mean ± standard deviation (SD) from 3 rats.

Table 4-2: Pharmacokinetic parameters after the intravenous administration of ACT and melagatran to rats

Melagatran AUC0-∞ �mol·h/L C0 �mol/L T1/2 h CLtot L/h/kg Vss L/kg

as Melagatran 4.48 ± 1.08 16.7 ± 7.29 0.55 ± 0.20 0.54 ± 0.12 0.21 ± 0.01
ACT AUC0-∞ �mol·h/L C0 �mol/L T1/2 h CLtot L/h/kg Vss L/kg
as ACT 15.1 ± 3.71 17.8 ± 1.11 2.82 ± 1.19 0.09 ± 0.04 0.28 ± 0.03

ACT, AS1924269-00
C0, maximum plasma concentration
AUC0-∞ , area under the curve from zero to infinity
CL tot,p, total body plasma clearance
Vss, volume of distribution at steady state
T1/2, half-life
Each value is expressed as the mean ± standard deviation (SD) from 3 rats.

Fig.4: Stability of CMP (AS1932804-00), OXP (AS1927819-00), and ximelagatran
in the rat plasma. The final concentration of the compounds used in the
incubation was 10 μM. Each value is expressed as the mean (N = 2).

Because the activity of energy-dependent coenzyme-requiring
metabolism in cryopreserved hepatocytes may be impaired dur-
ing freezing and thawing, it may be desirable to supplement
coenzymes (Baba 2005). Because our objective was to appro-

priately evaluate the production of the active form from FVIIa
inhibitor prodrugs, we supplemented the cryopreserved hep-
atocyte suspension with coenzymes NADH or NADPH and
identified that the prodrugs were converted favorably to their
active forms in the living systems. Therefore, the evaluation sys-
tem using cryopreserved hepatocytes in the presence of serum
turned out to be useful for evaluating not only oxidation and con-
jugation but also reduction. Thus, compared to liver microsomes
and mitochondria, this system of evaluation of drug metabolism
is considered suitable for evaluating formation of metabolites
in vivo from prodrugs.
In contrast, a carbamate amidine prodrug, CMP, did not react
in the liver microsomes or mitochondria, and no conversion to
the active form was observed in the test using cryopreserved
hepatocytes (Table 3) although the active form production from
CMP after oral administration occurred favorably in vivo. The
small intestine and not the liver may be involved in the produc-
tion of the active form from CMP; thus, we used small intestinal
microsomes of the rat and found that the rate of conversion to
the active form was higher for CMP than for OXP and ximela-
gatran. The hydrolysis of carbamate amidines was thus shown
to be dominant in the small intestinal microsomes than in the
liver.
Dabigatran etexilate is a carbamate amidine prodrug, which is
converted to the active form, dabigatran by hydrolysis (Blech
et al. 2008). BA of dabigatran itself was almost null, but the
BA was improved to 7% after administration of the prodrug
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Fig.5: Metabolic pathways of CMP (AS1932804-00) and OXP (AS1927819-00). CMP (AS1932804-00) is converted to CMI (AS1937090-FO) and subsequently CMI is
converted to ACT (AS1924269-00). OXP (AS1927819-00) is converted to OXI (AS1928272-00) and subsequently OXI is converted to ACT (AS1924269-00).

(Huttunen et al. 2011). Prodrugs with a carbamate amidine back-
bone, such as CMP, may be efficiently screened by evaluating the
production of the active form using small intestinal microsomes.
CPT-11 is a carbamate prodrug that is activated in vivo to SN-38
(active form). Carboxyl esterase 2 (CES2) is the most abundant
CES that is responsible for CPT-11 hydrolysis (Sanghani et al.
2003). CES is a major hydrolyzing enzyme for detoxification
of xenobiotics possessing carboxyl-ester, thioester, and amide
bonds. Khanna et al (2000). have shown that the small intestine
of humans has high levels of CES that could convert CPT-11
to SN-38. CES2 represents the major isoform of CES in the rat
intestine, while the expression of CES1 is too low to influence the
metabolism of ester prodrugs (Hosokawa M et al. 2008; Liu et al.
2011). Human and rat microsomes showed similar properties.
The presence of only CES2 family enzymes in human and rat
small intestine might be responsible for them having a similar
hydrolytic profile (Taketani et al. 2007).
In this study, CMP was hydrolyzed by the small intestine of the
rat, and it was considered that the enzyme responsible for CMP
metabolism is CES2.
It is possible to increase the oral absorption of FVIIa inhibitors
by developing oxime and carbamate amidine prodrugs, but the
rate of conversion to the active form was low in rats (Riggs et al.
2006; Vijaykumar et al. 2006). Oral absorption may be improved
by developing a prodrug, but only insufficient production con-
cerning conversion to the active form has been obtained.
The BA of the ACT was only 0.3%, but that after the oral
administration of a carbamate prodrug (CMP) was 36.1%
(Nakabayashi et al. 2013). We observed that the oral absorba-
bilities of OXP and CMP, prodrugs of a novel FVIIa inhibitor,
ACT, were improved in rats. The conversion efficiency of CMP
to the active form was favorable, while the conversion rate of
OXP was low both in vitro and in vivo. Prodrugs with an oxime
amidine backbone, such as OXP, may well be developed by
using living cell evaluating system as a tool to evaluate active
form production i.e., cryopreserved hepatocytes supplemented

with serum and coenzymes, not by using liver microsomes and
mitochondria.
Although development of prodrugs is a useful method to
increase the oral absorbability of drugs, the tissue specificity
of hydrolysis as well as its chemical stability during pharma-
ceutical processing are some of the concerns.
However, the advantages of prodrugs could be fully realized in
drug development if information about the stability of carboxylic
acid esters in the presence of serum esterases, membrane per-
meability of intermediate forms, tissue specificity of metabolic
enzymes (CES2 and reductases in intestine and liver, respec-
tively), and differential metabolic activities for carbamate and
oxime backbones of amidine is obtained. In this regard, our study
provides valuable insights into prodrug development. The extent
of production of the active form from oxime and carbamate
amidines should be further investigated in humans.

4. Experimental

4.1. Materials

OXP, CMP, their intermediates (OXI, CMI), and ACT were supplied by
Astellas Pharma Inc. and Kissei Pharmaceutical Co., Ltd. (purity > 98%).
KDN-7429 was supplied by Kissei Pharmaceutical Co., Ltd. (purity > 98%)
as the internal standard.
Ximelagatran, its intermediate metabolites (ethyl melagatran and hydroxyl
melagatran), and melagatran were supplied by Kissei Pharmaceutical Co.,
Ltd. (purity > 98%).
The chemical structures of these compounds are shown in Fig. 1. All other
chemicals were commercially available. Hepatic microsomes and cryopre-
served hepatocytes of the rat were purchased from Biopredic Co., Ltd (Jean
Pecker, Rennes, France). Rat intestinal microsomes were purchased from
Xenotech Co., Ltd (Renekusa, KA, USA). Glucose parental 5% solution was
purchased from Otsuka Pharmaceutical Co., Ltd. (Tokushima, Japan). Hep-
arin was purchased from Mochida Pharmaceutical Co., Ltd. (Tokyo, Japan).
All other chemicals were obtained from Wako Pure Chemical Industries,
Ltd. (Osaka, Japan), unless otherwise stated. All supplements and cell cul-
ture media were purchased from Invitrogen Life Technologies (Carlsbad,
CA, USA)
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4.2. In vitro experiments

4.2.1. Preparation of mitochondrial samples from rat liver

Rats were killed with ether, and their organs were excised, washed, weighed,
and put in ice-cold 0.9% (w/v) NaCl solution. Tissue samples were homog-
enized in mitochondria buffer 10 mM Tris-HCl, pH 7.4; 0.25 M sucrose;
and 0.5 mM EDTA. The liver and kidneys were homogenized either using a
smooth Teflon pestle tissue grinder with approximately 4 strokes at 1000 rpm
or minced. Mitochondrial fractions were prepared by a method described
previously with some minor modifications (Vance 1990).

4.2.2. Assay for biotransformation using rat hepatic microsomes and
mitochondria

The incubation mixture consisted of 0.5 to 1.0 mg/mL mitochondrial or
microsomal protein from rat tissues and 1 mg/mL NADH in 100 mM potas-
sium phosphate buffer pH 7. The final concentration of the compounds used
in the incubation was 10 �M. The final DMSO concentration was 0.5% (v/v)
in a total incubation volume of 0.2 mL. After 15, 30, and 60 min at 37 ◦C,
the reaction was terminated by addition of 0.2 mL of ice-cold acetonitrile
and 0.1 mL of internal standard solution (10 �M ketoconazole); the samples
were briefly mixed and cooled on ice. Then, the samples were centrifuged on
maximal speed (1600 × g) at 4 ◦C for 3 min to pellet the precipitate. Super-
natants were subjected to HPLC for further analysis. The level of the active
form was measured at 15, 30, and 60 min after metabolic reaction, and the
rate of conversion to the active form was calculated.

4.2.3. Assay for biotransformation using rat intestinal microsomes

The incubation mixture consisted of 0.5 to 1.0 mg/mL of microsomal pro-
teins from rat tissues, 1 mg/mL NADH, and 1 mg/mL NADPH in 100 mM
potassium phosphate buffer (pH 7). The final concentration of these com-
pounds used in the incubation was 10 �M. The final DMSO concentration
was 0.5% (v/v) in a total incubation volume of 0.2 mL. After 30, 60, and
120 min at 37 ◦C, the reaction was terminated by addition of 0.2 mL of
ice-cold acetonitrile and 0.1 mL of internal standard solution (10 �M keto-
conazole); the samples were briefly mixed and cooled on ice. Samples were
then centrifuged at 1600 × g at 4 ◦C for 3 min to pellet the precipitate. Super-
natants were subjected to HPLC for further analysis. The level of the active
form was measured at 30, 60, and 120 min after metabolic reaction, and the
rate of conversion to the active form was calculated.

4.2.4. Assay for biotransformation using cryopreserved rat
hepatocytes

We added 75 �L of 20 �M solution of the compounds to 75 �L of the hep-
atocyte suspension buffer containing 20% rat serum with 2 mg/mL NADH
and NADPH. The final concentration of the compounds used in the incu-
bation was 10 �M. The final DMSO concentration was 0.25% (v/v). The
final concentration of the rat serum used in the incubation was 10% (v/v).
The hepatocytes were incubated with the drug in a cell culture incubator
maintained at 37 ◦C and 5% CO2 in saturation humidity for 0, 1, 2, and 4 h.
The reaction was stopped by the addition of ice-cold acetonitrile 200 �L
and 0.1 mL of internal standard solution (10 �M ketoconazole) and then the
samples were centrifuged at 1600 × g for 5 min. The compounds were deter-
mined by the following methods. The level of the active form was measured
at 1, 2, and 4 h after metabolic reaction, and the rate of conversion to the
active form was calculated (V0). The value calculated by dividing V0 by
the initial substrate level (10 �M) was regarded as the intrinsic clearance of
the active form.

4.2.5. Stability of the prodrugs in rat plasma

The stabilities of all prodrugs were determined in vitro in the rat plasma.
The final concentration of the prodrugs used in the incubation was 10 �M.
The final DMSO concentration was 0.5% (v/v) in a total incubation plasma
volume of 0.2 mL. After 15, 30, and 60 min at 37 ◦C, the reaction was termi-
nated by addition of 0.2 mL volume of ice-cold acetonitrile and 0.1 mL of
internal standard solution (10 �M ketoconazole); the samples were briefly
mixed and cooled on ice. Samples were then centrifuged at 1600 × g at 4 ◦C
for 3 min to pellet the precipitate. Supernatants were subjected to HPLC
for further analysis. The remaining percentages of the prodrugs in the rat
plasma were calculated at 15, 30, and 60 min.

References

Andersson S, Hofmann Y, Nordling A, Li XQ, Nivelius S, Andersson TB,
Ingelman-Sundberg M, Johansson I (2005) Characterization and partial
purification of the rat and human enzyme systems active in the reduction
of N-hydroxymelagatran and benzamidoxime. Drug Metab Dispos 33:
570–578.

Baba T (2005) Life-science information center, Non-clinical research that
used human organization and cell, 200–203.

Bendel SD, Bona R, Baker WL (2011) Dabigatran: an oral direct thrombin
inhibitor for use in atrial fibrillation. Adv Ther 28: 460–472.

Blanchard N, Hewitt NJ, Silber P, Jones H, Coassolo P, Lavé T (2006)
Prediction of hepatic clearance using cryopreserved human hepatocytes:
a comparison of serum and serum-free incubations. J Pharm Pharmacol
58: 633–641.

Blech S, Ebner T, Ludwig-Schwellinger E, Stangier J, Roth W (2008) The
metabolism and disposition of the oral direct thrombin inhibitor, dabiga-
tran, in humans. Drug Metab Dispos 36: 386–399.

Clement B, Lomb R, Möller W (1997) Isolation and characterization of
the protein components of the liver microsomal O2-insensitive NADH-
benzamidoxime reductase. J Biol Chem 272: 19615–19620.

Clement B, Mau S, Deters S, Havemeyer A (2005) Hepatic, extrahep-
atic, microsomal, and mitochondrial activation of the N-hydroxylated
prodrugs benzamidoxime, guanoxabenz, and Ro 48–3656([[1-[(2 s)-
2-[[4-[(hydroxyamino) iminomethyl] benzoyl]amino]-1-oxopropyl]-4-
piperidinyl]oxy]-acetic acid). Drug Metab Dispos 33: 1740–1747.

Clement B, Lopian K (2003) Characterization of in vitro biotransforma-
tion of new, orally active, direct thrombin inhibitor ximelagatran, an
amidoxime and ester prodrug. Drug Metab Dispos 31: 645–651.

Clement B, Bürenheide A, Rieckert W, Schwarz J (2006) Diacetyl-
diamidoximeester of pentamidine, a prodrug for treatment of protozoal
diseases: synthesis, in vitro and in vivo biotransformation. Chem Med
Chem 1: 1260–1267.

Eriksson UG, Bredberg U, Hoffmann KJ, Thuresson A, Gabrielsson M, Eric-
sson H, Ahnoff M, Gislén K, Fager G, Gustafsson D (2003) Absorption,
distribution, metabolism, and excretion of ximelagatran, an oral direct
thrombin inhibitor, in rats, dogs, and humans. Drug Metab Dispos 31:
294–305.

Huttunen KM, Raunio H, Rautio J. (2011) Prodrugs–from serendipity to
rational Design. Pharmacol Rev 63: 750–771.

Hosokawa M (2008) Structures and catalytic properties of carboxylesterase
isozymes involved in metabolic activation of prodrugs 13: 412–431.

Jouin D, Blanchard N, Alexandre E, Delobel F, David-Pierson P, Lavé T,
Jaeck D, Richert L, Coassolo P (2006) Cryopreserved human hepatocytes
in suspension are a convenient high throughput tool for the prediction of
metabolic clearance. Eur J Pharm Biopharm 63: 347–355.

Khanna R, Morton L C, Danks KM, Potter MP (2000) Proficient metabolism
of irinotecan by human intestinal carboxylesterase. Cancer Res 60:
4725–4728.

Liu D, Gao J, Zhang C, Ren X, Liu Y, Xu Y (2011) Identification of car-
boxylesterase expressed in rat intestine and effects of their hydrolyzing
activity in predicting first-pass metabolism of ester prodrug. Pharmazie
66: 888–893.

Lu C, Hatsis P, Berg C, Lee FW, Balani SK (2008) Prediction
of pharmacokinetic drug-drug interactions using human hepatocyte
suspension in plasma and cytochrome P450 phenotypic data. II.
In vitro-in vivo correlation with ketoconazole. Drug Metab Dispos 36:
1255–1260.

Maryanoff BE, McComsey DF, Costanzo MJ, Yabut SC, Lu T, Player MR,
Giardino EC, Damiano BP (2006) Exploration of potential prodrugs of
RWJ-445167, an oxyguanidine-based dual inhibitor of thrombin and fac-
tor Xa. Chem Biol Drug Des 68: 29–36.

Nakabayashi T, Gotoh Y, Kamada N, Fujioka M, Ishihara T, Hirabayashi A,
Sato H. (2013) Pharmacokinetics of the amidine prodrug of a novel oral
anticoagulant factor VIIa inhibitor (AS1924269–00) in rats. Pharmazie
68, in print.

Reeh C, Wundt J, Clement B (2007) N,N’-dihydroxyamidines: a new pro-
drug principle to improve the oral bioavailability of amidines. J Med
Chem 50: 6730–6734.

Riggs JR, Kolesnikov A, Hendrix J, Young WB, Shrader WD, Vijaykumar
D, Stephens R, Liu L, Pan L, Mordenti J, Stephens R, Liu L, Pan L,
Mordenti J, Green MJ, Sukbuntherng J (2006) Factor VIIa inhibitors: a
prodrug strategy to improve oral bioavailability. Bioorg. Med Chem Lett
16: 2224–2228.

Sanghani PS, Quinney KS, Fredenburg BT, Sun Z, Davis IW, Murry JD,
Cummings WO, Seitz ED, Bosron FW (2003) Carboxylesterase expressed
in human colon tumor tissue and their role in CPT-11 hydrolysis. Clin
Cancer Res 9: 4983–4991.

Shibata Y, Takahashi H, Chiba M, and Ishii Y (2008) A novel
approach to the prediction of drug-drug interactions in humans based
on the serum incubation method. Drug Metab Pharmacokinet 23:
328–339.

412 Pharmazie 68 (2013)



ORIGINAL ARTICLES

Taketani M, Shii M, Ohkura K, Ninomiya S, Imai T (2007) Carboxyl esterase
in the liver and small intestine of experimental animals and human. Life
Sci 81: 924–932.

Vance JE (1990) Phospholipid synthesis in a membrane fraction associated
with mitochondria. J Biol Chem 265: 7248–7356.

Vijaykumar D, Rai R, Shaghafi M, Ton T, Torkelson S, Leahy EM, Riggs
JR, Hu H, Sprengeler PA, Shrader WD, O’Bryan C, Cabuslay R, Sanford
E, Gjerstadt E, Liu L, Sukbuntherng J, and Young WB. (2006) Efforts
toward oral bioavailability in factor VIIa inhibitors. Bioorg Med Chem
Lett. 16:3829–32.

Wittke B, Mackie IJ, Machin SJ, Timm U, Zell M, Goggin T (1999) Pharma-
cokinetics and pharmacodynamics of Ro 44–3888 after single ascending
oral doses of sibrafiban, an oral platelet aggregation inhibitor, in healthy
male volunteers. Br J Clin Pharmacol 47: 521–530.

Wolzt M, Wollbratt M, Svensson M, Wåhlander K, Grind M, Eriksson
UG. (2003) Determination of ximelagatran, an oral direct throm-
bin inhibitor, its active metabolite melagatran, and the intermediate
metabolites, in biological samples by liquid chromatography-mass spec-
trometry. J Chromatogr B Analyt Technol Biomed Life Sci 783:
335–347.

Pharmazie 68 (2013) 413


