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Characteristics of p-oxidative and reductive metabolism on the
acyl side chain of cinnamic acid and its analogues in rats

Kai-jing Zhao', Yang Chen', Shijin Hong', Yi-ting Yang"', Jiong Xu', Han-yu Yang', Liang Zhu', Ming Liu', Qiu-shi Xie', Xian-ge Tang’,

Ting-ting Yang', Ya-gian Zhou', Li Liu" and Xiao-dong Liu’

Cinnamic acid and its analogues (pyragrel and ozagrel) undergo chain-shortened (3-oxidative) and reductive metabolism on acyl
side chain. In this study, we characterized the B-oxidative and reductive metabolism on acyl side chain of cinnamic acid and its
analogues using primary rat hepatocytes, hepatic mitochondrial, and microsomal systems. A compartmental model including
parent compounds and metabolites was developed to characterize in vivo B-oxidative and reductive metabolism following an
intravenous dose of parent compounds to rats. The fitted total in vivo clearance values were further compared with the in vitro
values predicted by the well-stirred model. We showed that hepatic microsomal CYP450s did not catalyze (-oxidative or reductive
metabolism of the three compounds. Similar to B-oxidation of fatty acids, B-oxidative metabolism on their acyl side chain occurred
mainly in mitochondria, which was highly dependent on ATP, CoA and NAD™. Fatty acids and NADH inhibited the B-oxidative
metabolism. Reductive metabolism occurred in both mitochondria and microsomes. Reduction in mitochondria was ATP-, CoA-,
and NAD(P)H-dependent and reversible, which was suppressed by enoyl reductase inhibitor triclosan. Reduction in microsomes was
ATP-, CoA-, and NADPH-dependent but little affected by triclosan. Both plasma concentrations of B-oxidative metabolites and
reductive metabolites were successfully fitted using the compartmental model. The estimated total in vivo clearance values were
consistent with those predicted from hepatocytes and organelles, implicating significance of in vitro kinetics. These findings
demonstrate the roles of hepatic mitochondria and microsomes in 3-oxidative and reductive metabolism on acyl side chain of

cinnamic acid and its analogues along with their metabolic characteristics.
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INTRODUCTION

Pyragrel sodium, a cinnamic acid analogue, is in development in
phase | clinical trials as a potential anticoagulant [1]. Pharmaco-
logical studies have shown that pyragrel possesses antiplatelet
aggregative activity by inhibiting thromboxane A, formation and
it alleviates inflammatory injury to endothelial cells via the NF-«kB
signal pathway [1]. Chain-shortening (pyragrel-M1) and reduction
(pyragrel-M2) of the double bond in its acyl side chain followed
by glucuronidation is the main pathway of pyragrel metabolism
in humans [2, 3] (Fig. 1). Ozagrel, another cinnamic acid analogue,
is commonly used in Japan for acute ischemic stroke as an
inhibitor of thromboxane A, synthase [4, 5]. In rats, ozagrel also
undergoes chain-shortening (ozagrel-M1) and reductive (ozagrel-
M2) metabolism on its acyl side chain [6] (Fig. 1a). Additionally,
ozagrel-M2 is converted to ozagrel-M1 in rats [6]. Pyragrel and
ozagrel share the similar structure of cinnamic acid, and both
contain an acrylic acid in their side chain. Animal experiments
have shown that the main metabolite in the urine of rats and
mice is hippuric acid (Fig. 1b) following the oral administration of
cinnamic acid [4, 6]. The double bond of cinnamic acid can also
be reduced to form phenylpropionic acid in rats [7] (Fig. 1a).
These results indicate that pyragrel, ozagrel and cinnamic acid

have similar metabolic routes in their acyl side chain. However,
the organelles where these reactions occur have not been fully
identified.

Generally, the metabolism of most compounds that occurs in
hepatic microsomes is mediated by cytochrome P450 enzymes
(CYP450s). However, our pre-experiments showed that following
a 1-h incubation with rat hepatic microsomes (1 mg/mL) in the
presence of an NADPH-regenerating system, pyragrel, ozagrel,
and cinnamic acid demonstrated metabolic stability (Fig. 1c).
Furthermore, neither [-oxidative nor reductive metabolism
occurred in the incubation system. These results indicated that
hepatic CYP450s did not catalyze metabolism on the acyl side
chain of cinnamic acid or its analogues. In the B-oxidative
metabolism of their acyl side chains, two carbon atoms were
liberated from the parent compounds, and this resembled the
B-oxidative metabolism of fatty acids that occurs in the
mitochondria, indicating that these compounds were substrates
of the mitochondrial B-oxidation enzyme system in the rat liver.
The reductive metabolism, which is the hydrogenation of the
double bond in the acyl side chain, was similar to the step in
fatty acid chain elongation, which occurs in both microsomes
and mitochondria [8]. 3-Oxidative and reductive metabolism of
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a Structures of pyragrel, ozagrel, cinnamic acid, their -oxidative metabolites M1 and reductive metabolites M2. b Structure of hippuric

acid. ¢ Metabolic stability of pyragrel, ozagrel, and cinnamic acid for the 1-h incubation in microsomes (1 mg protein/mL) with an NADPH-

regenerating system

p-hydroxycinnamic acid, another cinnamic acid analogue, was
also reported to occur in isolated rat liver mitochondria [9].
The present studies were undertaken to characterize
[-oxidative and reductive metabolism on the acyl side chain of
cinnamic acid and its analogues (pyragrel and ozagrel) using
primary rat hepatocytes, rat hepatic mitochondria, and micro-
somes. A compartmental model involving the parent compounds
and their two metabolites was developed to characterize the
pharmacokinetics of cinnamic acid and its analogues in rats. The
estimated in vivo clearance values were further compared with
the in vitro data that was predicted by the well-stirred model.

MATERIALS AND METHODS

Chemicals and materials

Pyragrel sodium (purity 99.79%), its P-oxidative metabolite
(pyragrel-M1, purity 99.66%) and its reductive metabolite
(pyragrel-M2, purity 99.12%) were from Hefei Industrial Pharma-
ceutical Institute Co., Ltd. (Hefei, China). Ozagrel sodium (purity
>99%) and phenacetin (internal standard, purity >99%) were
from National Institutes for Food and Drug Control (Beijing,
China). The p-oxidative metabolite of ozagrel (ozagrel-M1,
purity 95%) was from Enamine Ltd. (Kiev, Ukraine), and the
reductive metabolite (ozagrel-M2, purity 95.5%) was from the
Department of Medicinal Chemistry of China Pharmaceutical
University (Nanjing, China). Trans-cinnamic acid (purity 99%),
3-phenylpropionic acid (purity 99%), sodium benzoate (purity
99%) and theophylline (internal standard, purity 99%) were from
Aladdin Co., Ltd. (Shanghai, China). Adenosine 5'-triphosphate-
disodium salt hydrate (ATP) was from J&K Scientific Ltd. (Beijing,
China). B-Nicotinamide adenine dinucleotide hydrate (NAD™),
flavin adenine dinucleotide disodium salt hydrate (FAD"), B-
nicotinamide adenine dinucleotide, reduced disodium salt
hydrate (NADH), B-nicotinamide adenine dinucleotide 2'-phos-
phate reduced tetra-sodium salt (NADPH), B-nicotinamide
adenine dinucleotide phosphate disodium salt (NADP*), coen-
zyme A sodium salt hydrate (CoA), L-carnitine, D-glucose-6-
phosphate (G-6-P), D-glucose-6-phosphate dehydrogenase
(G-6PDH), palmitic acid, stearic acid, oleic acid and linoleic acid
were from Sigma-Aldrich (St Louis, MO, USA). Triclosan was from
Macklin Biochemical Co. Ltd. (Shanghai, China). All other
reagents were of analytical grade and commercially available.
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Animals

Male Sprague-Dawley rats, weighing 180-220 g (6-week-old), were
from SIPPR/BK Experimental Animal Co., Ltd. (Shanghai, China).
They were kept in an environmentally controlled room with
ambient temperature (25«2 °C), humidity (50 +5%) and a 12-h
light/dark cycle. The animal experiments were performed accord-
ing to the Guide for the Care and Use of Laboratory Animals. The
animal project was approved by Animal Ethics Committee of
China Pharmaceutical University (No. CPU-PCPK-1631010071).

Cultures of primary rat hepatocytes and drug metabolism studies
Rat hepatocytes were isolated with a two-step perfusion method
that has been described previously [10, 11]. A 250-pL aliquot of
hepatocytes suspension was seeded in each well of collagen-
coated 48-well plates (10° cells/well). Following a 4-h incubation,
the medium was removed and then hepatocytes were exposed to
pyragrel (7.81-500 uM), ozagrel (31.25-1000 uM) or cinnamic acid
(0.49-62.5 uM). The reactions were terminated using a 25-pL
aliquot of NaOH solution (1 M) following the 1-h incubation for
cinnamic acid or 2-h incubation for pyragrel and ozagrel. The
cultured hepatocytes were also incubated with 100 uM pyragrel-
M2, ozagrel-M2 or phenylpropionic acid to investigate whether
the reverse-conversion from the reductive metabolites to parent
compounds occurred. Enhanced cell counting kit-8 (CCK-8) assays
showed that the compounds had no influence on cell viability at
the concentration that were used.

Preparation of hepatic mitochondria and microsomes

Rat hepatic mitochondria were prepared by employing differential
centrifugation in 250 mM sucrose according to a method that
has previously been described [12], and the samples were re-
suspended in 30 mM phosphate buffer solution (PBS, pH 7.4). Rat
hepatic microsomes were also prepared by differential ultracen-
trifugation as described previously and re-suspended in 100 mM
PBS containing 20% glycerol [13]. Mitochondrial B-oxidation
activity was assessed by the rate of consumption of octanoic acid
(a substrate for B-oxidation, 1.0 mM as described) [12]. Both the
mitochondrial and microsomal protein levels were measured
using a BCA protein assay kit. All of the procedures were
performed at 4 °C before their incubation. All of the mitochondrial
metabolic experiments were performed immediately after the
mitochondrial preparation.
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-Oxidative metabolism on the acyl side chain of pyragrel, ozagrel
and cinnamic acid in the mitochondrial B-oxidation incubation
system

The mitochondrial B-oxidation incubation system consisted
of mitochondrial protein (approximately 1 mg/mL for pyragrel
and ozagrel and 0.16 mg/mL for cinnamic acid), CoA (1 mM), ATP
(5mM), L-carnitine (2mM), MgCl, (5mM), NAD" or NADP"
(2 mM) and different levels of substrates (pyragrel, 3.91-500 uM;
ozagrel, 15.63-2000 uM; cinnamic acid, 0.98-31.25puM) (final
volume: 0.2 mL). Following a 20-min pre-incubation at 37°C,
the reactions were started with the addition NAD™, continued
at 37 °C for 10 min and quenched with 10 uL of NaOH solution
(1 M). The CoA or L-carnitine ester intermediates of the analytes
in the samples were then hydrolyzed under NaOH conditions
[12] in a water bath at 70°C for 0.5 h. Mitochondrial protein
levels and incubation time were optimized beforehand to
ensure the linear formation of metabolites in all incubation
systems.

The effects of CoA, ATP, L-carnitine and NAD™ on the
-oxidative metabolism of pyragrel, ozagrel and cinnamic acid in
the mitochondrial incubation system were determined in the
absence of each of the above cofactors. The concentrations of
pyragrel, ozagrel, and cinnamic acid were set at 25 uM, 100 uM,
and 3.9 uM, respectively, which were all lower than or close to
their K, values.

Effects of fatty acids and the cofactor NADH on the B-oxidative
metabolism of the acyl side chain of pyragrel, ozagrel, and
cinnamic acid

The fatty acid inhibition study was performed by adding fatty
acids into the mitochondrial -oxidation incubation system. The
fatty acids that were tested include butyric acid, decanoic acid,
palmitic acid, stearic acid, oleic acid, linoleic acid, and two
irreversible inhibitors of fatty acid p-oxidation, 4-pentenoic acid
and 2-bromooctanoic acid [12]. The final concentrations of the
tested fatty acids were 100puM, and the concentrations of
pyragrel, ozagrel and cinnamic acid were 25pM, 100 uM, and
3.9 uM, respectively.

NADH was reported to inhibit NAD"-dependent dehydrogenase
activity [14]. The effects of NADH on the -oxidative metabolism of
cinnamic acid and its analogues were evaluated by adding
different levels of NADH into the hepatic mitochondrial
B-oxidation incubation system (2 mM NAD™). The concentrations
of the substrates pyragrel, ozagrel and cinnamic acid were 125 uM,
1000 uM, and 3.9 uM, respectively, which were close to their K,
values. The concentrations for the 50% of inhibition effect (ICsp) of
NADH were calculated. The inhibition assays were performed by
using the same hepatic mitochondrial incubation system and
experimental procedures as described above.

Reductive metabolism of the acyl side chain of pyragrel, ozagrel,
and cinnamic acid in both mitochondria and microsomes

In mitochondria, NADH (2 mM) or an NADPH-regenerating system
(10 mM G-6-P, 0.5 mM NADP™*, 5 mM MgCl, and 1 U/mL G-6-PDH)
were used as hydrogen donors for reductive metabolism. Based
on the results of the pre-experiment, the substrate concentrations
were set at 3.91-500 uM for pyragrel and 0.98-31.25puM for
cinnamic acid. The ozagrel levels were set at 7.81-1000 uM and
125-16000 uM when NADPH and NADH were used as cofactors,
respectively. Mitochondrial protein concentrations were set at 0.4
mg/mL for pyragrel, 1 mg/mL for ozagrel and 0.16 mg/mL for
cinnamic acid when NADPH served as a cofactor; when NADH
served as the cofactor, the concentrations were 1 mg/mL for
pyragrel, T mg/mL for ozagrel and 0.32 mg/mL for cinnamic acid.
The reaction mixtures, incubation procedures and sample
preparation procedures were the same as those of the mitochon-
drial B-oxidation incubation system, except that NAD" was
replaced by NADH or an NADPH-regenerating system.
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The pre-experiments showed that reductive metabolism on
the acyl side chain of cinnamic acid and its analogues did not
occur without CoA and ATP in rat hepatic microsomes in
the presence of an NADPH-regenerating system. Here, the
microsomal reductive system consisted of microsomal protein
(1 mg/mL for pyragrel and ozagrel and 0.4 mg/mL for cinnamic
acid), CoA (1 mM), ATP (5 mM), an NADPH-regenerating system
and substrates (pyragrel, 3.91-500 uM; ozagrel, 7.81-1000 pM;
or cinnamic acid, 0.98-31.25uM) (final volume: 0.2mL).
The NADPH-regenerating system was also replaced by NADH
(2 mM) to investigate the roles of these cofactors in reductive
metabolism.

The effects of the enoyl reductase inhibitor triclosan on the
reductive metabolism on the acyl side chain of pyragrel (25 pM),
ozagrel (100 uM) and cinnamic acid (3.9 uM) were determined in
both hepatic mitochondria and microsomes. Triclosan blocks lipid
synthesis by specifically inhibiting the enoyl-acyl carrier protein
reductase of microbes [15] and humans in vitro [16, 17]. Here, it
was shown to be involved in the in vitro incubation systems. The
concentrations of triclosan in mitochondria and microsomes were
12.5-100 uM and 100-200 pM, respectively.

Conversion of reductive metabolites to parent compounds in
mitochondria

The mitochondrial incubation system consisted of mitochondrial
protein (approximately 1 mg/mL for pyragrel-M2 and ozagrel-
M2 and 0.05 mg/mL for phenylpropionic acid), CoA (1 mM), ATP
(5mM), L-carnitine (2 mM), MgCl, (5mM), FAD" (2mM) and
different levels of substrates (pyragrel-M2, 7.81-500 uM; ozagrel-
M2, 15.63-1000 uM; phenylpropionic acid, 3.91-125 pM) (final
volume: 0.2 mL).

Effects of the NAD™/NADH or NAD'/NADPH ratios on B-oxidative
and reductive metabolism

As described above, -oxidative and reductive metabolism might
simultaneously occur in rat liver mitochondria if both NAD* and
NAD(P)H are present. Some diseases alter NADT/NADH and
NADP*/NADPH ratios [18, 19]. Therefore, the effects of the
NAD/NADH and NAD'/NADPH ratios on the (-oxidative and
reductive metabolism of pyragrel (25 pM) in rat liver mitochondria
were documented. The total concentration of cofactors (NAD™ +
NADH or NAD" + NADPH) was 2 mM, while the NAD*/NADH and
NAD™/NADPH ratios were 1:4, 1:2, 1:1, 2:1, and 4:1, respectively.
Other incubation conditions and experimental procedures have
been described above.

Pharmacokinetics of pyragrel, ozagrel and cinnamic acid in rats
Eighteen male Sprague-Dawley rats were randomly divided
into three groups with 6 rats in each group. The rats were
fasted overnight and received a single intravenous dose of
pyragrel sodium (15 mg/kg, dissolved in normal saline), ozagrel
sodium (6 mg/kg, dissolved in normal saline) or cinnamic acid
(2 mg/kg, dissolved in normal saline containing 30% PEG400).
The doses of pyragrel sodium, ozagrel sodium and cinnamic
acid that were employed in our pharmacokinetic experiments
were similar to those used in previous reports [6, 20, 21].
Blood samples (approximately 200 pL for pyragrel and cinnamic
acid or 50uL for ozagrel) were collected from the oculi
chorioideae vein under light ether anesthesia into heparinized
tubes prior to dosing and at the designated postdose time.
The designated time points were as follows: 5, 10, 20, 40, 60, 90,
120, 180, 240, 360, 480, and 720 min for pyragrel; 2, 5, 10, 20, 30,
45, 60, 75, and 90 min for ozagrel; and 2, 5, 10, 20, 30, and
45min for cinnamic acid. After every 3-4 samplings, the
appropriate amount of 0.9% saline was given to the rats via
tail vein to compensate for blood loss. Plasma samples were
immediately separated by centrifugation and stored at —70 °C
until analysis.
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In vitro-in vivo correlations
In vitro kinetic parameters were estimated by the Michaelis-Menten
(M-M) equation v=V,,XS/K,+S) or sigmoidal equation
V= Vmax X V(KN + S") based on the Eadie-Hofstee plots, where
V, S, KmVimax and N represented the velocity of metabolic reaction,
the drug concentration, Michaelis constant, the maximum reaction
velocity and the Hill coefficient, respectively. For the M-M kinetics,
the in vitro intrinsic clearance (CLintinviro) Was defined as
CLintinvitro = Vmax/Km- For the sigmoidal kinetics, the maximum
clearance (Clmaxinvitro) Was calculated as  Clmaxinvitro = Vimax X
(N—1)/(Kn x N X (N—1)"™). If the Hill coefficient N was greater than
1.2, a sigmoidal equation was fitted to the kinetic data [22]. The
CLintinvitro (OF Clmaxinvitro) Was further scaled to the in vivo intrinsic
clearance (CLinginvivo) USING  Clinginvitro (O Clmaxiinvitro) X scaling
factor (SF). SF was the total hepatic mitochondrial (or microsomal)
protein content or hepatocyte number per kilogram of body
weight.

The well-stirred model was used to predict the total hepatic
clearance (CLy) of the M1 and M2 formations as below,

_ Qux (fu/Rbp) X CLint invivo
Qu+ (fu/Rbp) X CLint invivo

where Q, f, and Ry, are the liver blood flow rate, the unbound
fractions in plasma and blood-to-plasma concentration ratio,
respectively. The f, and Ry, values were calculated as 17.91%
and 0.54 for pyragrel, 14.22% and 0.71 for ozagrel and 17.22%
and 0.61 for cinnamic acid, respectively, using the method
described in “Supplementary information”. The Qy value was set
at 55.2mLmin" ' kg~ body weight [23]. The CLintinvivo Value is the
total ClLintinvivo Of the B-oxidation and reduction processes in the
organelles or hepatocytes.

Cly

A compartmental model involving both the parent compound
and the metabolites was constructed to fit the individual
pharmacokinetic data to estimate the in vivo clearance rate of
M1 and M2 formation (Fig. 2). The essential structure of the model
consisted of the central compartment of the parent and its two
metabolites as well as the peripheral compartments based on
their pharmacokinetic characteristics, if necessary.

The differential equations for all the compounds with two
compartments are described as follows:

for the parent compound,

d¢,
vpd—t” = —CLpx Cp — Clpa x (Cp — Cpa)
dc
szTPz = CLpyx (Cp — Cpa)
t
Cm12x V2
CPZXVF’Z
L,
CL, CotxVipy | =t
CL, / M1* Vi
— CpxVp
CL
P Cn2x Ve 2
Cimzzx V22|

Fig. 2 Schematic diagram of the compartmental model involving the
parent compound and the p-oxidative and reductive metabolites
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for metabolite M1,
(@

Vi d“t“ = CLyx Cp — CLyx Cuyy — Clan % (Ca — Cun2)
dc,

V2 # = CLy1 x (Cv1 — Cun2)

for metabolite M2,
dc,

Vi Tmz = Clox Cp — Clax Cya — Clyia x (Cpz — Cuizz)
dc,

V22 dlzzz = Clyza % (Cm2 — Cuz2)

where the subscripts P, M1 and M2 refer to the parent compound,
M1 and M2, respectively, in central compartment. The subscripts
P2, M12 and M22 refer to the parent compound, M1 and M2,
respectively, in the peripheral compartment. The symbols C and V
are the concentration and distribution volume of these com-
pounds in their corresponding compartments. CLp and CLp, are
defined as the total clearance of the parent compound in the
central and peripheral compartments, respectively. CLy, and ClLy,
represent the clearance of M1 and M2, respectively, in the
peripheral compartment. CL; and CL, represent the clearance of
M1 and M2 formation, respectively. CLz and CL, are defined as the
clearance of M1 and M2 elimination, respectively. The value CL; in
Fig. 2 represents the clearance of the parent compound via other
ways, where CLy = CLp—CL,—CL,.

The distribution volumes of the metabolites in the central
compartment were assumed to be the same as that of their parent
compounds. The pharmacokinetic profiles were fitted, and their
corresponding parameters were estimated. The fitted total blood
clearance of -oxidative and reductive metabolism was defined as
(CLy 4 CLy)/Rypp, and it was compared with the CLy that was
predicted from the in vitro data. The accuracy of the predictions
was assessed by fold-error, and the predicted values that were
within 2-fold error were considered acceptable [24, 25].

Drug analysis

The concentrations of the parent compounds and their metabo-
lites in the biological matrix were measured according to the
methods in “Supplementary information”. The linear ranges of the
analytes in the incubation system were as follows: 12.21-6250 ng/
mL for pyragrel, 3.91-2000 ng/mL for pyragrel-M1 and pyragrel-
M2; 3.91-2000 ng/mL for ozagrel, ozagrel-M1 and ozagrel-M2;
19.53-625 ng/mL for cinnamic acid, benzoic acid and phenylpro-
pionic acid; and 39.06-10000 ng/mL for hippuric acid. The linear
ranges of the analytes in rat plasma were as follows: 6.10-781.25
ng/mL for pyragrel, 1.95-250 ng/mL for pyragrel-M1 and 3.91-500
ng/mL for pyragrel-M2; 39.06-10,000 ng/mL for ozagrel, ozagrel-
M1 and ozagrel-M2; 78.13-5000 ng/mL for hippuric acid and
9.77-1250ng/mL  for cinnamic acid. Based on the pre-
experimental results, if the analyte concentrations exceeded the
upper limit of quantification, the analysis would be performed
following dilution with the blank matrix.

Data analysis

The kinetic parameters and mathematical models were coded and
solved by Phoenix WinNonlin software (version 7.0, Certara, Co.,
Princeton, NJ, USA). The pharmacokinetic parameters and ICsq
values of NADH were also estimated with this software. The
relationship between two variables was analyzed by linear
regression analyses.

Results were presented as the means + standard deviation (SD).
The significant difference was determined by a one-way analysis
of variance (ANOVA) followed by a post hoc Tukey’s test. A P-value
less than 0.05 was considered statistically significant.
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Fig. 3 Kinetic profiles of the formation of p-oxidative and reductive metabolites in primary rat hepatocytes (a—c), the formation of p-oxidative
metabolites in rat hepatic mitochondria (d-f) and reductive metabolites in rat hepatic mitochondria (NADH-dependent and NADPH-
dependent) and microsomes (mic, NADPH-dependent) (g-i) from pyragrel, ozagrel and cinnamic acid. The kinetic profiles of the formation of
pyragrel, ozagrel and cinnamic acid from pyragrel-M2, ozagrel-M2, and phenylpropionic acid in mitochondria (FAD"-dependent) (j-I). Data are

expressed as the means + SD of 3 rats

RESULTS

Metabolism of pyragrel, ozagrel and cinnamic acid in primary rat
hepatocytes

The results demonstrated that both (-oxidative and reductive
metabolism on the acyl side chain of pyragrel, ozagrel and
cinnamic acid occurred in primary rat hepatocytes (Fig. 3a-c). It is
worth mentioning that in hepatocytes the final (-oxidative
metabolite of cinnamic acid was hippuric acid instead of benzoic
acid. It was also found that following a 2-h (for pyragrel and
ozagrel) or 1-h incubation (for cinnamic acid) with pyragrel (31.25
pM), ozagrel (62.50 pM) or cinnamic acid (3.91 pM) in primary rat
hepatocytes, approximately 2.52%, 6.53%, and 44.17% of pyragrel,
ozagrel, and cinnamic acid, respectively, were metabolized to their
corresponding B-oxidative metabolites. Approximately 2.81%,
6.81%, and 5.28% of pyragrel, ozagrel, and cinnamic acid,

SPRINGERNATURE

respectively, were metabolized to corresponding reductive
metabolites. Formation of all of these metabolites except for
ozagrel-M2 was better fitted by the M-M equation, and all of the
kinetic parameters were estimated (Table 1) [23, 26, 27]. Despite
the lower V,.x values for B-oxidative metabolism, the CLintinvitro
values for B-oxidative and reductive metabolism were similar for
pyragrel and ozagrel due to the higher affinity of the metabolism
enzymes for these compounds. However, the Cliytinvitro Of
hippuric acid formation was much higher than that of phenyl-
propionic acid formation, which was consistent with the in vivo
data showing that hippuric acid was the main metabolite of
cinnamic acid [4, 28]. These findings indicated that the rat liver
could be used to further probe the organelles that are involved in
metabolism of the acyl side chains of cinnamic acid and its
analogues.
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Table 1. Kinetic parameters (mean + SD of 3 rats) for formations of -oxidative and reductive metabolites on acyl side chain of pyragrel (Pyr), ozagrel
(Oza) and cinnamic acid (Cin) in primary hepatocytes (Hep), isolated hepatic mitochondria (Mit) and microsomes (Mic) of rats
Compounds System Reaction  Cofactor K., (uM) Vinax (pmol min™" N 2CLint, in vitro bCLint, in vivo Cly
mg ' or pmol min~" (uL min~ "mg™" (mLmin""kg™")  (mLmin""
1072 cells) or L min='107° kg™
cells)
Pyr Hep Oxidation - 37.65+6.96 1238+ 1.07 - 0.33+0.04 6.70+0.83 3.95
Hep Reduction - 139.29+11.93 43.08 + 1.06 - 0.31+0.02 6.23+£0.36
Mit Oxidation NAD™ 145.55+1042  275.15+40.23 - 1.90+0.35 3.04+0.56 3.15
Mit Reduction NADH 100.29£9.15 81.98 +£6.29 - 0.82+0.02 1.31+£0.02
Mit Reduction NADPH 152.85 +44.68 321.73+£27.73 - 2.25+0.80 3.06+1.28
Mic Reduction NADPH 534.81 £140.17 805.07 +150.23 - 1.53+£0.14 2.75+0.26
Oza Hep Oxidation - 78.21 £3.09 64.71 £1.69 - 0.83+0.01 16.62+0.23 5.03
Hep Reduction - 188.10+43.94  186.98+28.13 1.51+0.33 0.55+0.02 11.07 £ 0.57
Mit Oxidation NAD™ 1119.61 £281.72 647.04 +25.68 - 0.61+0.18 0.97 +£0.28 1.32
Mit Reduction NADH 2386.90 + 838.21 674.45+139.69 1.31+£0.20 0.18+0.01 0.28 +0.02
Mit Reduction NADPH 203.57 £53.07 731.56 £29.51 1.31 £0.09 2.19+0.58 3.51+0.93
Mic Reduction NADPH 1889.86 +297.76 2078.98 +222.47 - 1.11 £0.06 1.99+0.12
Cin Hep Oxidation - 0.77 £0.12 18.02+1.19 - 23.56 +£1.91 473.13 £959.40 39.71
Hep Reduction - 28.21+7.24 39.68+4.34 - 1.44+0.22 28.98 + 4.46
Mit Oxidation NAD™ 2.98+0.15 577.87 £20.72 - 194.57 £16.33 311.31£26.12 42.14
Mit Reduction NADH 6.79+0.98 144.03+7.97 - 2148 £2.89 34.36 £ 4.62
Mit Reduction NADPH 5.89+0.59 353.78 £57.78 - 60.26 = 10.47 96.42 £ 16.75
Mic Reduction NADPH 4.41+0.09 464.45 +7.59 - 105.39 £ 2.41 189.71+4.35
K Michaelis constant, Vi, the maximum reaction velocity, N the Hill coefficient
CLint, in vitro (LLMin~"mg ™" or uL min~" 107> cells) was defined as Viax/Km OF Vinax X (N—1)/(Kiy x N x (N—1)'N).
bCLim, in vivo (ML MIn™" kg™") was estimated by CLin, in virro X SF, Where SF was the product of protein yield (40 mg mitochondrial protein/g liver [26] or 45 mg
microsomal protein/g liver [27]) or hepatocyte yield (5.02 x 107 cells/g liver) [23] and the liver weight per kilogram of body weight (40 g/kg) [23]
CLy (mL min~'kg ") was predicted from the well-stirred model

[3-Oxidative metabolism of the acyl side chain of pyragrel, ozagrel,
and cinnamic acid in mitochondrial B-oxidation incubation system
The consumption of octanoic acid in our prepared mitochondrial
B-oxidation incubation system (6.73+2.02 nmolmin "mg"
protein in 3 rats) was comparable to the data (approximately 5.5
nmol min~' mg ™' protein) that has previously been reported [12]
that demonstrated the existence of mitochondrial B-oxidation
activity. Thus, the mitochondrial B-oxidation incubation system
was used to characterize B-oxidative metabolism on the acyl side
chains of pyragrel, ozagrel, and cinnamic acid. Consistent with our
expectations, PB-oxidative metabolism of the three compounds
occurred in the mitochondria. These findings were different from
those observed in primary rat hepatocytes, which showed that the
primary B-oxidative metabolite of cinnamic acid was benzoic acid
in the mitochondria. The kinetics of B-oxidative metabolism for
the three compounds were characterized (Fig. 3d-f) by the M-M
equation (Table 1). The results showed that cinnamic acid
possessed the lowest K, value for [-oxidative metabolism,
followed by those of pyragrel and ozagrel. The orders of the
estimated CLintinvitro Values were cinnamic acid (194.57 £ 16.33 pL
min~ ' mg ") > pyragrel (1.90 +0.35 uL min~' mg~") > ozagrel
(0.61+0.18 uL min~' mg™"), indicating that the B-oxidative meta-
bolism of cinnamic acid was the process that occurred the easiest.

The effects of several cofactors including CoA, ATP, NAD™, and
L-carnitine, on the P-oxidative metabolism of the three com-
pounds in mitochondria were investigated (Fig. 4a). The results
demonstrated that the lack of ATP or NAD' completely abolished
the B-oxidative metabolism of pyragrel and ozagrel. The formation
of benzoic acid from cinnamic acid was also remarkably
suppressed due to a lack of ATP or NAD'. Notably, the
substitution of NADP' for NAD™', abolished the PB-oxidative
metabolism of both pyragrel and ozagrel. The B-oxidative
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metabolism of cinnamic acid was also decreased significantly. A
deficiency in CoA also remarkably inhibited the [-oxidative
metabolism of these three compounds. These results indicated
that similar to the [-oxidative metabolism of fatty acids,
the cofactors CoA, ATP, and NAD" were also essential for the
-oxidative metabolism of cinnamic acid and its analogues.
Interestingly, the absence of L-carnitine greatly decreased the
[B-oxidative metabolism of pyragrel and ozagrel, but it notably
increased the [-oxidative metabolism of cinnamic acid by
approximately 60%.

Effects of fatty acids and the cofactor NADH on -oxidative
metabolism of the acyl side chains of cinnamic acid and its
analogues
The effects of two irreversible fatty acid B-oxidative inhibitors
(4-pentenoic acid and 2-bromooctanoic acid) and six fatty acids
(butyric acid, decanoic acid, palmitic acid, stearic acid, oleic acid,
and linoleic acid) on the B-oxidative metabolism of the acyl side
chains of cinnamic acid and its analogues were examined in
the mitochondrial incubation system (Fig. 4b—-d). It was found that
2-bromooctanoic acid was a very effective inhibitor of the
-oxidation of the three compounds. 4-Pentenoic acid also
remarkably decreased the (-oxidation of pyragrel and cinnamic
acid but not ozagrel. The six fatty acids that were tested
considerably inhibited the B-oxidative metabolism of cinnamic
acid; however, the four long-chain fatty acids (palmitic acid, stearic
acid, oleic acid, and linoleic acid) had stronger inhibitory effects on
pyragrel and ozagrel than the short- and medium-chain fatty
acids.

The formation of the B-oxidative metabolites was also found to
decrease as the NADH concentration increased (Fig. 4e), demon-
strating that NADH possessed strong inhibitory effects on the
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Fig. 4 Effects of cofactors (a), fatty acids (b—d) and NADH (e) on the p-oxidation of three cinnamic acid analogues in rat hepatic mitochondria.

u_n

means the lack of corresponding components and “ + NADP” means that 2 mM NADP* were added to the reaction mixture instead of

2mM NAD™. Abbreviations: But, butyric acid; DA, decanoic acid; Pal, palmitic acid; SA, stearic acid; OA, oleic acid; LOA, linoleic acid; 4-PA,
4-pentenoic acid and 2Br-Oct, 2-bromooctanoic acid. The absolute data for 1pyrag1reI—M1, ozagrel-M1 and benzoic acid formation in the control
mg

group of (a) are 44.62+2.11, 34.58 + 1.44 and 337.34+£26.15 pmol min™

~', respectively. The absolute data for the formation of the

p-oxidative metabolites in the control groups of (b)-(d) are 40.72+2.87, 30.86+2.92 and 312.57 +9.87 pmol min~' mg~', respectively.
The absolute data for pyragrel-M1, ozagrel-M1 and benzoic acid formation in control group of (e) are 138.56 + 3.95, 280.11 + 1.44 and 322.91 +

55.02 pmol min~' mg

B-oxidative metabolism of cinnamic acid and its analogues. The
order of the inhibitory effect of NADH was cinnamic acid >
pyragrel > ozagrel, and the ICso values in 3 rats were estimated to
be 27.03 £ 13.07, 232.67 £ 9.38 and 367.96 + 25.24 uM, respectively.

Reductive metabolism of the acyl side chain of cinnamic acid and
its analogues in both mitochondria and microsomes

We tried to identify the reductive metabolism of pyragrel, ozagrel,
and cinnamic acid in both mitochondria and microsomes.
Reductive metabolism barely occurred in the mitochondrial B-
oxidation incubation system. However, when NAD" was replaced
by an NADPH-regenerating system or NADH in the mitochondrial
incubation system, reductive metabolism occurred, indicating that
reductase used NADH or NADPH as a cofactor in the mitochondria
to catalyze the reductive metabolism of the acyl side chains of
cinnamic acid and its analogues. The kinetics of reductive
metabolism for pyragrel and cinnamic acid in mitochondria were
characterized by the M-M equation, while the kinetics of reductive
metabolism of ozagrel was characterized by the sigmoidal model
(Fig. 3g-i) (Table 1). The results uncovered that the enzymes that
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, respectively. Data are expressed as the means = SD of 3 rats, *P < 0.05, **P < 0.01 vs. control

perform the reductive metabolism of the acyl side chains of
cinnamic acid and its analogues preferred NADPH in the
mitochondria, as evidenced by the higher CLiytinvitro Values.

The reductive metabolism of cinnamic acid and its analogues
also occurred in the hepatic microsomal systems that contained
an NADPH-regenerating system with both CoA and ATP. All of the
kinetics were characterized by the M-M equation. If the NADPH-
regenerating system was replaced with 2mM NADH or the
incubation system did not contain CoA and ATP, reductive
metabolism did not occur, indicating that the reductive metabo-
lism in hepatic microsomes was highly dependent on CoA, ATP,
and NADPH.

Effects of triclosan on reductive metabolism

The effects of the enoyl reductase inhibitor triclosan on the acyl
side chain reduction of pyragrel, ozagrel and cinnamic acid were
assessed in both hepatic mitochondrial and microsomal
incubation systems (Fig. 5a-i). The results showed that triclosan
substantially suppressed the reductive metabolism of cinnamic
acid and its analogues in the mitochondrial incubation system

Acta Pharmacologica Sinica (2019) 40:1106-1118
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Fig. 5 Effects of triclosan on the reduction of pyragrel (a, d and g), ozagrel (b, e and h) and cinnamic acid (¢, f and i) in rat hepatic
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using NADPH or NADH as a cofactor in a concentration-
dependent manner, and a stronger inhibitory effect was found
when NADH served as a cofactor. For example, 50 uM triclosan
almost completely abolished the reductive metabolism of
cinnamic acid when NADH was used as a cofactor. These results
indicated that enoyl reductase catalyzed the reductive metabo-
lism of cinnamic acid and its analogues in hepatic mitochondria.
However, up to 200 pM triclosan did not inhibit the reductive
metabolism of pyragrel or ozagrel in the hepatic microsomes.
Although 100 and 200puM triclosan notably inhibited the
formation of phenylpropionic acid in hepatic microsomes, the
extent of this inhibition was far less than that in the hepatic
mitochondrial reaction.

Acta Pharmacologica Sinica (2019) 40:1106-1118

Conversion of reductive metabolites to parent compounds

The results showed that the reductive metabolites of cinnamic
acid and its analogues were metabolized to the parent
compounds and their B-oxidative metabolites in primary rat
hepatocytes. In primary rat hepatocytes, following a 2-h incuba-
tion with pyragrel-M2/ozagrel-M2 or a 1-h incubation with
phenylpropionic acid, approximately 1.09% of pyragrel-M2,
0.25% of ozagrel-M2 and 4.80% of phenylpropionic acid were
converted to their corresponding parent compounds. Approxi-
mately 0.21% of pyragrel-M2, 0.34% of ozagrel-M2 and 1.06% of
phenylpropionic acid were converted to pyragrel-M1, ozagrel-M1
and hippuric acid, respectively. Dehydrogenation occurred in the
hepatic mitochondria when M2 was the substrate (Fig. 3j-I). Due
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to solubility limitations, the clearances of pyragrel and ozagrel
formation were calculated as the slopes of their reaction velocity-
concentration curves. Compared with the formation of the
reductive metabolites, the effects of the reverse reaction on the
formation of pyragrel-M2 (0.16 +0.02 yL min~— ' mg~" protein from
3 rats) and ozagrel-M2 (0.11+0.01 pLmin~'mg~' protein from
3 rats) were slight, while phenylpropionic acid was efficiently
converted to cinnamic acid, with a clearance of 93.32 +19.93 uL
min~"' mg~" protein from 3 rats, which were approximately half of
the clearance of phenylpropionic acid formation from cinnamic
acid.

Effects of the NAD™/NAD(P)H ratios on formations of pyragrel-M1
and pyragrel-M2

The effect of the NAD'/NAD(P)H ratio on the formations of
pyragrel-M1 and pyragrel-M2 was determined (Fig. 5j, k). The
results showed that pyragrel-M1 formation gradually increased
along with an NAD*/NAD(P)H ratio that increased from 1:4 to 2:1,
whereas a remarkable increase occurred at the ratio of 4:1. In
contrast, pyragrel-M2 formation was gradually diminished with
the increase in the NADY/NAD(P)H ratio and a remarkable
decrease was found at a NAD"/NAD(P)H ratio of 4:1. These results
suggested that the formation of pyragrel-M1 and pyragrel-M2 was
highly dependent on the NAD*/ NAD(P)H ratio.

In vitro-in vivo correlations

The estimated CLjntinvitro fOr pyragrel, ozagrel, and cinnamic acid
metabolism in the organelles or primary rat hepatocytes were
scaled up to their respective CLitinvivor Which were further scaled
up to the total hepatic clearance CLy (Table 1). The predicted CLy
of pyragrel and cinnamic acid from the organelles was in line with
data from primary rat hepatocytes (3.15mLmin 'kg~' from
organelles vs 3.95mLmin~"kg™' from hepatocytes for pyragrel;
4214mL min"'kg™' from organelles vs 39.71 mLmin~' kg™’
from hepatocytes for cinnamic acid), and the fold-errors were
less than 2. However, the predicted CL; of ozagrel from the
organelles (1.32mLmin""kg™") was far lower than that from
primary rat hepatocytes (5.03 mL min~" kg™ ).

SPRINGERNATURE

A compartmental model involving the parent compounds and
their metabolites was fitted to the plasma concentration-time
profiles of cinnamic acid and its analogues and their metabolites
following an intravenous administration to rats (Fig. 2 and
Fig. 6a-c). The corresponding pharmacokinetic parameters were
estimated and are listed in Table 2. The model that was developed
well-characterized the pharmacokinetics of these tested com-
pounds, and all of the parameters were in good agreement and all
the coefficients of variation were less than 25%. Notably, benzoic
acid and phenylpropionic acid could only be detected at one or
two time points, so only the plasma concentrations of hippuric
acid and cinnamic acid were used. The two-compartmental
model was fitted to the pharmacokinetics of pyragrel, pyragrel-
M1, pyragrel-M2, ozagrel and cinnamic acid, while a one-
compartmental model displayed a better fitness for ozagrel-M1,
ozagrel-M2 and hippuric acid. The estimated total plasma
clearance of (3-oxidative and reductive metabolism (CL; + CL,)
for cinnamic acid (29.53+6.27 mLmin 'kg™") was close to
the total plasma clearance (CLp: 32.96 +4.80 mL min~' kg™ "), while
the sum of estimated clearance (CL; and CL,) of B-oxidative and
reductive metabolism for pyragrel and ozagrel was less than the
respective total clearance CL,.

The fitted in vivo data (CL, + CL,)/R,, were also compared with
the predicted data from the organelles or primary rat hepatocytes
(Fig. 6d). The results showed that the fitted clearance values for (3-
oxidative and reductive metabolism were consistent with the data
from the organelles (except ozagrel) and primary hepatocytes, and
the fold-errors were less than 2, indicating successful predictions.

DISCUSSION

Hepatic CYP450s are considered to be the major enzymes
involved in drug metabolism, contributing to approximately 75%
of the metabolism of marketed drugs [29]. The present study
showed that hepatic CYP450s did not catalyze the B-oxidative or
reductive metabolism of the acyl side chains of cinnamic acid and
its analogues (ozagrel and pyragrel). The primary goal of this study
was to characterize the metabolism of the three compounds by
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Table 2. The comparison of observed and fitted plasma pharmacokinetic parameters in rats
acL, aCL, a'bCLO 2CLp t1/2 (min) ‘AUCq 1 “AUC,_, °cL
(mLmin""kg™") (MLmin""kg™") (mLmin "kg™") (MLmin""kg™ ") (ug min/mL) (ng min/mL) (mLmin~ kg™

Pyragrel Observed - - - - 68.23+16.9 1697.89 £ 155.21 1699.12+ 15541 8.89+0.85

Fitted 1.18 £0.30 1.31+0.42 6.74+£0.98 9.23+0.87 81.08+£26.87 1636.52+671.62 1638.05+671.98 9.22+0.87
Pyragrel-M1 Observed - - - - 199.11 £69.91 127.79 £23.20 132.21£25.92 -

Fitted - - - - 215.62 +92.71 126.97 £57.39 131.74 £ 60.52 -
Pyragrel-M2  Observed - - - - 164.18 £55.49  252.32+74.10  257.92+77.40 -

Fitted - - - - 185.72 £ 78.66 248.57 £+125.88 255.46 + 130.31 -
Ozagrel Observed - - - - 16.54 +3.05 358.72 +46.74 365.29+50.64 16.75+2.37

Fitted 1.96 +0.45 6.13+1.67 9.66 + 2.59 17.76 £3.12 17.03+3.33 339.74+£150.75 346.72+155.00 17.76 £3.11
Ozagrel-M1 Observed - - - - 23.45+4.40 87.86 +40.49 99.65 +48.41 -

Fitted - - - - 27.08 £10.57 83.00 £49.16 102.96 + 75.66 -
Ozagrel-M2 Observed - - - - 29.90 £9.06 268.60 +61.68 325.27 +78.66 -

Fitted - - - - 2831+53 271.23+134.64 325.19+169.2 -
Cinnamic acid Observed - - - - 6.63 +0.99 65.20 +9.06 65.58 +9.06 3097 £4.17

Fitted 29.53+6.27 - 342+2.70 32.96 +£4.80 7.29+145 61.68 +24.41 62.09+2456 32.83+4.79
Hippuric acid Observed - - - - 6.38+1.33 80.98 + 10.59 82.08 + 10.46 -

Fitted - - - - 7.24+0.87 80.32+36.63 81.90 £37.12 -
CL, clearance of M1 formation in vivo, CL, clearance of M2 formation in vivo, CLp clearance of parent compound in central compartment, t;,, terminal half-life,
AUC,., area under the concentration-time curve from time zero to last time, AUC,... area under the concentration-time curve from time zero to infinite,
CL clearance of parent compound
“Data were obtained from the compartmental model
BCL, represents the clearance of the parent compound via other ways and was calculated by CLp~CL;-CL,
‘Data were estimated by noncompartmental analysis (NCA) methods

rats, probe the factors that modulate metabolism, and evaluate
the relevance of extrapolating the in vitro kinetics to in vivo
pharmacokinetics.

The data from the primary rat hepatocytes proved the role of
the rat liver in B-oxidative and reductive metabolism of pyragrel,
ozagrel and cinnamic acid. 4-Pentenoic acid was considered to
inhibit fatty acid -oxidation by directly competing with fatty acids
for the acyl-CoA synthetase and cofactors (such as CoA) in hepatic
mitochondria [30]. These results indicated that cinnamic acid and
its analogues first formed the substrate-CoA complex; similarly to
fatty acids, this process was mediated by acyl-CoA synthetase.
Acyl-CoA synthetase was not added in the mitochondrial/
microsomal incubation systems, but B-oxidative and reductive
metabolism still occurred. Several studies also demonstrated that
the activity of acyl-CoA synthetase could be detected in isolated
rat liver mitochondria and microsomes [31-34]. Moreover, the
addition of acyl-CoA synthetase did not increase the reaction
velocity in our study (data not shown). The pre-experimental data
also showed that the B-oxidative metabolites were only generated
following hydrolysis, indicating that these metabolites were in the
form of their CoA or L-carnitine esters, which further demonstrated
the existence of acyl-CoA synthetase activity in the isolated rat
liver mitochondria and microsomes.

The fatty acids that were tested inhibited the B-oxidative
metabolism of the acyl side chains of cinnamic acid and its
analogues, indicating that these compounds might share
the same metabolic route and mechanism. Generally, fatty acid
[-oxidation occurs in both mitochondria and peroxisomes. We
found that L-carnitine stimulated the [-oxidative metabolism of
ozagrel and pyragrel (Fig. 4a). An L-carnitine-dependent transport
system was determined to exist in mitochondria rather than
peroxisomes [35], inferring that the [-oxidation of ozagrel and
pyragrel occurred primarily in the mitochondria, although a report
demonstrated the involvement of peroxisomes in the B-oxidation
of ozagrel [36]. The B-oxidation of cinnamic acid was also found to
occur mainly in the mitochondria [7], and this finding was
consistent with those of the present study. Unlike ozagrel and
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pyragrel, the removal of L-carnitine from the reaction system
increased rather than decreased the B-oxidation of cinnamic acid,
implying that the B-oxidation of cinnamic acid was independent
of L-carnitine, similarly to the short- and medium-chain fatty acids
[37, 38]. The fact that both butyric acid and decanoic acid
tremendously inhibited the B-oxidative metabolism of cinnamic
acid further supported this hypothesis. In addition, molecular
weight seemed to be negatively correlated to [-oxidative
activity in the L-carnitine deficient incubation system (Fig. 7).
The B-oxidation of the three compounds was concentration-
dependently suppressed by NADH, thus exhibiting the character-
istics of NAD™-dependent dehydrogenase activity [14]. The results
indicated that NAD'-dependent dehydrogenase might be
involved in the B-oxidation of these compounds.

Generally, double bonds of 2-trans-enoyl-CoAs are reduced to
form saturated acyl-CoAs by 2-trans-enoyl-CoA reductase [39]
rather than CYP450s [40]. NADPH-dependent or NADH-dependent
2-trans-enoyl-CoA reductases were reported to exist in mitochon-
dria [41-44], and these enzymes were reported to prefer NADPH
[40]. We consistently reported that the reduction of cinnamic acid
and its analogues in mitochondria was dependent on NADH, and
especially NADPH, as evidenced by the higher CLintinvitro Values.
Triclosan, an inhibitor of enoyl-CoA reductase, inhibited both the
NADPH- and NADH-dependent reduction process and especially
NADH-dependent reduction in the rat hepatic mitochondria.
These findings showed that 2-trans-enoyl-CoA reductase also
catalyzed the reduction of the acyl side chains of cinnamic acid
and its analogues, which shared the same process of fatty acid
elongation [42].

Since NADPH-specific enoyl-CoA reductase was reported to
exist in microsomes [43, 44], the reduction of cinnamic acid
analogues might be mediated by this enzyme independently of
CYP450s. Unlike in the mitochondria, reduction of pyragrel and
ozagrel in the microsomes was hardly suppressed by triclosan,
indicating that the mechanisms of reduction of cinnamic acid and
its analogues were mediated by enoyl reductase in microsomes
and were different from those processes in the mitochondria.
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The in vitro kinetic study indicated that phenylpropionic acid
formation in both mitochondria and microsomes was much greater
than benzoic acid formation, while the opposite was true in the
hepatocytes and in vivo; this difference may be due to the fast
conversion of phenylpropionic acid to cinnamic acid and then to
hippuric acid. In contrast to cinnamic acid, the conversion of
pyragrel-M2 and ozagrel-M2 to their parent compounds was slight.

A compartmental model involving the parent compounds and
their metabolites was successfully developed to characterize the
pharmacokinetics of cinnamic acid and its analogues as well as
their metabolites in rats. Ozagrel, ozagrel-M1 and ozagrel-M2 were
administered (i.v.) to rats according to a previous report [6]. The
conversion rates of ozagrel to ozagrel-M1 and ozagrel-M2 could
thus be calculated (13.73% to M1 and 33.20% to M2), which were
in concordance with the data from the compartmental model
(11.04% to M1 and 34.52% to M2), confirming the high accuracy of
our model. The in vivo data that was calculated from the model
demonstrated that both B-oxidative and reductive metabolism of
the acyl side chains of pyragrel and ozagrel only accounted for
approximately 26.98% and 45.55% of total metabolism, respec-
tively, indicating the existence of other elimination pathways. Five
metabolites of pyragrel were detected in human urine, in which
the p-oxidative and reductive metabolites were the major
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Fig. 7 Correlation between p-oxidative activity and molecular
weights of cinnamic acid, pyragrel and ozagrel

metabolites [2], suggesting the existence of species differences
between humans and rats. However, the contribution of (-
oxidative metabolism of the acyl side chain of cinnamic acid to the
total clearance of cinnamic acid was high (up to 89.59%),
indicating that cinnamic acid was mainly eliminated via (-
oxidation, which was consistent with the reported in vivo studies
of the metabolic fate of cinnamic acid [7].

The novelty of our compartmental model was that the
clearance of each part could be calculated from a pharmacokinetic
experiment. The results were consistent with our expectation that
the predicted in vivo clearances via both {-oxidation and
reduction from the cellular organelles (except for ozagrel) or
hepatocytes were comparable to the in vivo observations.
Peroxisomes were reported to be responsible for the B-oxidation
of ozagrel [36], but our preliminary experiment showed that the
contribution of peroxisomes to P-oxidative metabolism was
approximately 12.86% of mitochondrial contribution. For pyragrel
and cinnamic acid, peroxisomes contributed approximately 4.97%
and 0.14% of the mitochondrial contribution, respectively, which
was much less than the mitochondrial contribution and could be
neglected. Other tissues containing mitochondria might also be
involved in the B-oxidative metabolism of ozagrel. All of these
factors might contribute to the underestimation of the hepatic
clearance of ozagrel from hepatic cellular organelles, which needs
further investigation.

Carboxylic acid drugs such as valproic acid and tianeptine have
been reported to cause hepatotoxicity due to their inhibition of
mitochondrial fatty acid (-oxidation [45, 46]. Some fragrances
contain cinnamyl phenylpropyl materials, which participate in the
same [3-oxidative pathways as cinnamic acid analogues [47]. Since
these compounds and fatty acids share the same metabolic
pathways, the administration of these compounds might affect
fatty acids [-oxidation or interfere with endogenous lipid
metabolism, leading to hepatotoxicity, and this process thus
deserves more attention.

Moreover, some potent G protein-coupled receptor 40 (GPR40)/
free fatty acid receptor 1 (FFA1) agonists are phenylpropanoid
acid derivatives that can be metabolized to their cinnamic
acid and benzoic acid derivatives [48]. To design novel GPR40/
FFA1 agonists with low clearance and high plasma exposure,
small substituted groups such as a fused-ring structures
were introduced to the a- or [-position of the propanoic
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acid moiety to block the B-oxidation of the phenylalkanoic acid
moiety [49]. Our study provided the detailed metabolic informa-
tion of compounds containing acrylic acid or propanoic acid
moiety, and these findings will be useful for the structural
optimization of new compounds and related drug-drug interac-
tion studies.

In summary, cinnamic acid and its analogues underwent
[-oxidative metabolism and reductive metabolism on their acyl
side chain (Fig. 8). Similarly to fatty acids, the B-oxidation
of cinnamic acid and its analogues mainly occurred in
the mitochondria and was inhibited by fatty acids and NADH.
The reduction of cinnamic acid and its analogues, independent
of CYP450s, occurred both in mitochondria and microsomes.
These results provided detailed metabolic information and
highlighted the important roles of the mitochondria and
microsomes in the B-oxidative and reductive metabolism of
cinnamic acid analogues.
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