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Atractylenolide Il (AT-11l) is a pharmacologically effective phytochemical and is known to be oxygenated
during systemic metabolism mainly by cytochrome P450 enzymes (CYP450s), iron-containing
porphyrin-based oxygenases. In rat plasma samples, the oxygenated metabolite of orally ingested AT-IlI
was determined using liquid chromatography/mass spectrometry and the oxygenated form of AT-IIl was
maintained at higher levels than the original form of AT-IIl. In situ catalytic reactions using the iron(iv)-
oxo porphyrin 7t-cation radical complex, [(tmp**)FeV(O)I*, demonstrated that both H-atom abstraction
and an oxygen rebound mechanism participated in the oxygenation process of AT-Ill. Density functional
theory (DFT) confirmed the oxidative transformation occurred at the 4th and 10th carbon positions of
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[l metabolism. AT-IIl was metabolized via an oxygenation process in the rat body, where CYP450 and
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compound I) model has shown that AT-III was oxidised from

Introduction : o
atractylenolide II (C;5H00,, MW = 232.32 g mol™ ') and dehy-
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Atractylenolide IIT (AT-III, C;5Hy03, MW = 248.32 g mol ) is
a sesquiterpene lactone-type phytochemical mainly derived
from Atractylodes japonica Koidzumi (Asteraceae), a medicinal
plant traditionally used for treating gastrointestinal disorders.
AT-IT has been recently recognized as an emerging bioactive
compound known for its pharmacological effects, such as
anticarcinogenic properties,’ inhibition of muscular atrophy,*
microglial neuroprotection,® and anti-inflammation.* After oral
administration, AT-III exerts these biological effects via
systemic circulation by acting on the target organs or tissues in
its original form or after chemical modification via in vivo
metabolic processes. In our previous study a biomimetic
iron(iv)-oxo porphyrin m-cation radical complex (known as
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drated to atractylenolide I (C;5H;50,, MW = 230.3 g mol ') via
an intrinsic biosynthetic pathway in A. japonica (Scheme 1).
Although AT-III is considered as one of the final products of
oxidative metabolism in the plant, it can act as a precursor
during in wvivo drug metabolism after intragastric
administration.

Drug metabolism, which is pivotal for modifying a biological
substrate’s  structure, alters the compound's hydro-/
electrophilic moieties, increases/decreases toxicity, or changes

o]
Atractylenolide Il (AT-II)
Atractylenolide |11 (AT-111)
H,0
Atractylenolide | (AT-1)
Scheme 1 The transformation of atractylenolide I, Il, and Il in

biosynthetic pathway (ref. 5).
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its biological activity.® These modifications are caused by
oxidation, reduction, and conjugation reactions in the presence
of specific enzymes, and occur mainly in the liver.” Among the
heme-containing metalloenzymes responsible for drug metab-
olism, cytochrome P450 isozymes (CYP450s) play a key role in
phase I metabolism via the oxidative transformation of the
exogenous substrate, namely dextromethorphan.® In the cata-
lytic cycle of CYP450-mediated metabolism, the insertion of an
oxygen atom in the substrate of interest is essentially mediated
by an iron-containing porphyrin (heme), which is a core oxygen-
presenting structure of CYP450 enzymes, with the help of the
cofactor NADPH.® The exogenous substrates initiates the elec-
tron transfer process and the ferric-to-ferrous reduction takes
place in order to further react with dioxygen to yield porphyrin
m-cation radical (known as compound I). The compound I,
a strong oxidant, oxidizes biomolecules and mediates the
dissociation of the transformed product.” Compound I intro-
duces two crucial metabolic pathways during the CYP450-
mediated metabolism process, both of which are initiated by
a hydrogen atom abstraction step via the hydroxylation or
desaturation of the aliphatic groups.**

Various organic substrates have their own oxidation rate
constants during their respective oxidation/oxygenation reactions
with compound I; these rate constants can be modulated by
adjusting experimental conditions such as the temperature and
pressure.’>'* This has promoted increased interest in the use of
synthetic biomimetic model complexes as oxidation catalysts.
Researchers are keenly interested in finding chemical probes that
can offer mechanistic insights into biological pathways of these
oxidation/oxygenation reactions. Previous studies focused on
stabilising and characterising compound I have led to break-
throughs in our understanding of the fundamental reaction steps
governing the diverse oxidative reactivity of most heme enzymes
in the metabolism of chemical drugs.**** Meanwhile, the oxida-
tive reaction of compound I is also applicable to the in vivo
metabolism of phytochemicals from natural products.

In this work, in vivo studies on the oxygenation of metabo-
lites in plasma samples collected from rats after the oral
administration of AT-III were conducted by applying an liquid
chromatography/mass spectrometry (LC/MS) method. A
biomimetic model such as an iron(iv)-oxo porphyrin -cation
radical complex was utilized to confirm the pathway governing
the in vivo metabolism of AT-III mediated by CYP450 (Scheme
S17). The oxidation rate of AT-III was calculated and the struc-
ture of its oxygenated metabolite was estimated via density
functional theory (DFT) calculation. Additionally, investigations
on the influence of acetaminophen (APAP), which is a widely
and frequently used over-the-counter analgesic, on the in vivo
metabolism and the oxidation rate of AT-III were conducted to
provide its synergistic effects.

Results and discussion

Determination of atractylenolide-III and its oxygenated
metabolite in the plasma samples

The ionization of the target compounds was performed in
positive electrospray ionization mode. A full-scan mode was

© 2021 The Author(s). Published by the Royal Society of Chemistry
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applied for detecting AT-III and its metabolite. The molecular
ion [M + H]" of AT-III and its fragmented ions were acquired at
m/z of 248.93 (tg = 8.3 min) and its fragmented ions were
detected at m/z 230.96 and 163.01 via MS® and MS® analyses
(Fig. S1t). After oral administration, the molecular ion of the
AT-IIT metabolite, which had undergone the addition of an
oxygen atom (AT-III-O, tr = 5.2 min), was detected at m/z 264.97
in the plasma samples. Further fragmentation was noted at m/z
246.99, 229.13 and 201.09, respectively, as determined via MS>
and MS?® analyses. These ions contained an extra 16 Da in their
original structures, as previously reported (Fig. S27).*¢

In the mean relative area ratio-time profiles, the mean ratio
of AT-1II decreased for the peak at 0.5 h after oral administra-
tion, whereas the intensity of the oxygenated AT-III peaks
increased almost threefold relative to the peaks of the original
AT-III, regardless of the presence of APAP. These observed
increases in the AT-III metabolite relative to the parent AT-III
compound were attributed to in vivo metabolic amplification
since some metabolites of phytochemicals are known to exhibit
this behaviour."”*® The relative area ratios of AT-III in the
plasma samples between the single and APAP-combined
administered groups were not significantly different for all
time-courses investigated. The ratio associated with AT-III-O,
which exhibited a notable increase at 0.5 h in both groups, also
showed statistically insignificant differences between the single
and combined administered groups across all time-courses
investigated. Even though the mean area under the curve
(AUC) of the relative area ratios of AT-III in the single group
(1.883 £ 0.311) decreased slightly after co-administration with
APAP (1.135 + 0.288), the differences in the AUCs were not
statistically significant. There were no significantly significant
differences in the mean AUCs of the relative area ratios of AT-
III-O between the single (9.246 + 1.274) and the APAP-
combined (9.015 + 1.424) groups, respectively (Fig. 1). It was
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Fig. 1 (a) Mean relative area ratio—time profiles of atractylenolide IlI

(AT-111) and (b) oxygenated atractylenolide Il (AT-III-O) after admin-
istration of AT-IIl single or with acetaminophen (APAP). Relative area
ratio = the peak area of target compound/the peak area of IS.
Differences of relative area ratios between single and combinative
administration groups were not statistically significant.
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assumed that the influx of AT-III in the animal's circulation
system and the production of the oxidative metabolite were
both unaffected by the simultaneous administration of APAP.

Oxidative transformation of atractylenolide III using
biomimetic model of cytochrome P450

In our previous work, we demonstrated that a high-valent
iron(v)-oxo porphyrin m-cation radical complex, [(tmp*)
Fe™(0)]" (1) (tmp = meso-tetramesitylporphyrin), was capable of
activating the C-H bond of AT-II to produce AT-III. H-atom
abstraction from AT-II generated [(tmp)FeV(OH)] and the
subsequent oxygen rebound process formed AT-III.° In the
present study, the analysis of the plasma samples obtained after
the single-administration of AT-III and the co-administration of
AT-1IT and APAP revealed that the oxidised product of AT-III had
been formed. The addition of AT-III to the CH3;CN/CH,Cl, (9 : 1)
solvent mixture containing 1 at —40 °C did not afford any
spectral changes (Fig. S3,t inset). However, the direct oxidation
of AT-IIT occurred when the reaction temperature was increased
to —20 °C (Fig. 2).

The natural decay rate was independently calculated as 8.2 x
107% s (Fig. 3, inset). After the addition of 20 equiv. of AT-III
to the CH;CN/CH,CI, (9 : 1) solvent mixture of 1, the notably
slow decay rate of 1.2 x 102 s~ ' was observed due to the
disappearance of 1 with the concomitant formation of
[Fe™(tmp)]" (Fig. 2). The observed decay rate of 1 showed
a linear dependence on the AT-III concentration, resulting in
a second-order rate constant (k,) value of 2.8 M~ " s~ for the
oxidation of AT-III by 1 at —20 °C (Fig. S47). Interestingly, the
immediate disappearance of 1 was detected when APAP was
used as a substrate, indicating that APAP was more preferen-
tially oxidised than AT-III (Fig. S51). APAP is known to be oxi-
dised to N-acetyl-p-benzoquinone-imine (NAPQI), with further
conversion to benzoquinone.' Since both AT-III and APAP
could be competently oxidised by 1, their electrochemical
properties were examined via cyclic voltammetry (Fig. S6T). The
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Fig. 2 UV-vis spectral changes of [(tmp™*)Fe'V(O)]" (0.025 mM) (1, red
line) upon addition of 20 equiv. of AT-IIl at —20 °C, resulting in the
formation of [Fe'(tmp)](CFsSOs) (blue line). Inset shows the time
course of the formation of [Fe"(tmp)](CFsSOs) (blue dot) and the decay
of 1 (red dot) monitored at 505 and 665 nm, respectively.

33050 | RSC Adv, 2021, 11, 33048-33054

View Article Online

Paper

increased intensity of the oxidation peak potential of AT-III was
~0.25 Vvs. Ag/Ag’, whereas that of APAP was —0.50 V vs. Ag/Ag".
This clearly demonstrated that APAP was much easier to be
oxidised than AT-III, thereby accounting for the differences in
their redox reactivity originating from their electrochemical
properties. The proposed mechanism of APAP oxidation indi-
cated that the proton-coupled electron transfer process was
surmised to be the rate-determining step for the production of
NAPQL™ For AT-III oxidation, the oxygenation reaction could
occur via the H-atom abstraction process, followed by the
oxygen rebound mechanism.® As the electron transfer reaction
occurred, smaller structural changes were noted in 1 than in the
group transfer reaction because the oxidation of APAP would
require less energetic barrier than that of AT-IIL.>*° Thus, the
reaction between 1 and APAP was preferentially promoted
compared to its counterpart with AT-III.

Confirmation of oxygenated positions at AT-III using density
functional theory (DFT) calculation

Gas chromatography analysis of the organic products, which
was conducted after the completion of the reaction between 1
and AT-III, showed a new peak with a retention time at 21.3 min
that was assigned to the oxidised product of AT-III (Fig. S77).
However, the peak at 21.3 min did not appear when APAP and
AT-1IT were introduced simultaneously; instead, a new peak
attributed to NAPQI was detected at a retention time of
18.3 min, clearly indicating that the presence of APAP in the
reaction solution hindered the oxygenation of AT-III by 1. Even
though gas chromatography/mass spectrometry (GC/MS) anal-
ysis suggested that an oxygen atom was incorporated into the
product, the isolation and recrystallization of this organic
product was unsuccessful. Alternatively, DFT-calculations for all
possible oxygenated products were conducted to determine the
optimised structures for the organic products and to simulate
plausible positions for oxygenation on the AT-III molecule. The
higher spin density on the carbon atoms at the 4th and 10th
positions of the oxidised AT-III indicated that these carbons
were more basic and, thus, highly prone to oxidation (Fig. 3a).
We then calculated the relative energy of radical species of the
corresponding radicals on 4th and 10th position; the energy of
radical on 10th position of AT-III was 12.68 kcal mol ™' higher
than that on 4th position (Fig. 3b and Table 1). Therefore, we
suggested that the hydroxylation would occur at 4th position of
AT-III. Given these findings, two oxygenated structures of AT-III

O >
O .
OH 10
0.18 12.68
o o0
Fig. 3 (a) Mulliken spin densities of one electron oxidized AT-III. (b)

The relative energies diagram of radical on 4th and 10th carbon.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Relative energies in kcal mol™
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A6-31G AA6-311+G** AE® AAZ, AAEpermal’ —TAAS? AADisp AG*
4th Carbon oxidized AT-IIT 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
10th Carbon oxidized AT-IIT 1.56 —0.73 0.83 0.32 0.06 —0.20 0.59 1.60
Radical on 4th carbon of AT-III 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Radical on 10th carbon of AT-III 13.00 —0.32 12.68 —0.34 0.06 0.39 —0.41 12.38

¢ Electronic energy, sum of the previous two columns. b7 = 298 K. ¢ Sum of the five previous columns, AG = AE + AAZy + AAEermar — TAAS +

AADisp.

Fig.4 DFT-optimized structures of (a) 4th carbon and (b) 10th carbon
oxidized AT-IIl. O, red; C, gray; H, white.

were envisioned (Fig. 4). Analysis showed that their relative
energies differed by only 1.49 kcal mol ', indicating that both
positions were susceptible to be hydroxylated (Table 1).

LC/MS analysis revealed the presence of three distinct peaks
in the oxidised by-product of AT-III after the reaction with 1
(Fig. s8at). One (tg = 5.3 min) of these peaks, which produced
a molecular ion observed at m/z 265.00, fragmented to m/z of
246.95, 229.12 and 201.06, respectively, as noted via MS> and
MS? analyses. The molecular ion and its fragmented ions were
noted as the addition of an oxygen atom (16 Da), and their
associated spectra matched those of AT-III-O in the plasma
samples after oral administration (Fig. S8b-dt). These results
clearly provided the evidence that enzymes bearing an iron(iv)-
oxo porphyrin, particularly the CYP450 enzymes, were respon-
sible for the in vivo oxidative metabolism of ingested AT-III. The
difference noted between the relative sizes of the peak observed
at 5 min and the two peaks at 6 min were reversed in the plasma
samples (Fig. S2at), as the latter peaks were barely detected in
the rat plasma samples due to lower detection sensitivity.

Experimental
Chemicals and reagents

Analytical-grade methanol and ethyl acetate were purchased
from J.T. Baker Inc. (Phillipsburg, NJ, USA). LC/MS-grade
acetonitrile and water containing 0.1% formic acid were
purchased from Fisher Scientific (Pittsburgh, PA, USA). Atrac-
tylenolide III (AT-III) was purchased from ChemFace (Wuhan,
Hubei, China). As the internal standard (IS), fraxinellone was
purchased from Chengdu Biopurify Phytochemicals Ltd.
(Chengdu, Sichuan, China). Acetonitrile (CH;CN) and
dichloromethane (CH,Cl,) were dried according to reported
procedures and distilled under Ar prior to use.*® m-Chlor-
operbenzoic acid (m-CPBA) was purified by washing with

© 2021 The Author(s). Published by the Royal Society of Chemistry

phosphate buffer (pH 7.4), followed by water and then dried
under reduced pressure. [Fe™(tmp)]Cl was purchased from
Frontier Scientific Inc. (Logan, UT, USA). [Fe"(tmp)](CF;SO;)
was prepared by stirring equimolar amounts of [Fe'(tmp)]CI
and AgCF;S0;, followed by filtration through a 0.45 mm filter.
The resulting solution was used immediately.

Animals

Male Sprague Dawley (SD) rats (196.06 + 7.61 g) were supplied
by Samtako (Incheon, Korea). The SD rats were housed at
constant temperature (22 £+ 2 °C) and relative humidity (50 +
10%) under a 12 h light/dark cycle for 7 days with free access to
feed and water before the experiments. After an overnight
fasting period, AT-III was administered to the rats intragastri-
cally. Animal experiments were conducted per the guidelines for
animal experimentation issued by Pusan National University.
The experimental procedures were approved beforehand by the
Animal Ethics Committee of Pusan National University (PNU-
2020-2488).

LC/MS conditions

An Accela LC system (Thermo Fisher Scientific, MA, USA)
equipped with an autosampler, degasser, and quaternary
solvent pump was used for the detection of AT-III and its
metabolites. The compounds were separated on a Hypersil
GOLD Cyg column (2.1 mm X 100 mm, 1.9 pm; Thermo Fisher
Scientific, MA, USA) at 35 °C. A flow rate was set at 300 uL min ™"
with an injection volume of 5.0 pL. The aqueous mobile phase
was optimised by using 0.1% formic acid and 10 mM ammo-
nium acetate (pH 3.5 with formic acid); the peak of AT-III was
only detected in the presence of 0.1% formic acid. Therefore,
0.1% formic acid was chosen as a modifier for the aqueous
mobile phase (v/v). Compared to the adamantyl functional
group (ADME) column, the octadecylsilane (C;g)-coated column
offered better sensitivity and improved the peak shape of AT-III.
The mobile phase consisted of water (containing 0.1% formic
acid, A) and acetonitrile (B); the gradient elution applied was as
follows: 7% (B) for 0-1 min, 70-85% (B) for 1-10 min, 85% (B)
for 10-11 min, followed by equilibrated to 7% (B) until the end
of the analysis.

An LCQ Fleet ion-trap mass spectrometer (Thermo Fisher
Scientific, MA, USA) was used to detect compounds in the eluent
using an electrospray ionisation source in the positive-ion
mode. The MS conditions were nitrogen sheath gas (40 arbi-
trary units), nitrogen auxiliary gas (10 arbitrary units), spray

RSC Adv, 2021, 11, 33048-33054 | 33051
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voltage (5.0 kV), capillary temperature (280 °C) and capillary
voltage (30.0 V). The molecular ions of AT-III and IS were
detected in the full-scan mode (m/z 50-500). The molecular ions
[M +H]" and their fragmented ions were acquired at m/z 248.99-
230.96 for AT-III and m/z 233.00-214.98 for IS. Moreover, the
single oxygen atom-added metabolite of AT-III (AT-III-O) was
detected at m/z 264.92-246.99 after the oral administration of
AT-I11, as previously reported.*® Data was processed using Xca-
libur software (v. 2.1.0; Thermo Fisher Scientific, CA, USA).

Collection of rat plasma samples

AT-III (18 mg per rat) was administered to five SD rats and one
rat was given a vehicle. AT-III was dissolved in 0.5% ethanol-
contained saline (v/v). Blood samples (~0.4 mL) were
collected from the jugular vein in heparinised tubes before oral
administration (0 h), and at 0.17, 0.5, 1, 2, 4, 8 and 12 h after
intragastric administration. The collected blood samples were
immediately centrifuged at 16 249 x g for 10 min; 150 uL
aliquots of the supernatant plasma were transferred to clean
tubes and stored at —20 °C until the analysis.

Preparation of plasma samples

The extraction efficiencies of the liquid-liquid extraction (LLE)
and the protein precipitation methods were compared using the
absolute area of the target compounds and IS. The peak areas of
AT-III and IS obtained via LLE in ethyl acetate (EA) were 1.4-fold
higher than those obtained using the protein precipitation
method in methanol. Therefore, the LLE method was chosen for
preparing the plasma samples due to its higher extraction effi-
ciency, simplicity and reliability. A 150 pL aliquot of the plasma
sample was spiked with the IS solution (10 pL) and of methanol
(10 pL), followed by the addition of EA (600 uL). The extraction
of the target compounds was performed by vortex mixing for
2 min at room temperature, followed by centrifuging at 16 249
x g for 10 min at 20 °C. The upper layer (EA) was then trans-
ferred to a clean 1.5 mL polypropylene tube and evaporated
using a nitrogen gas blowing concentrator (MGS-2200; Eyela,
Miyagi, Japan). The residue obtained after evaporation was
reconstituted in methanol (100 pL) and vortex mixed for 2 min,
followed by centrifugation at 16 249 x g for 10 min at 20 °C. The
supernatant was transferred to a glass vial and a 5 pL aliquot
was injected into the UPLC-ion trap MS system.

Statistical analysis

The relative area ratio of each compound was calculated using
the following equation: Relative area ratio = the peak area of the
target compound/the peak area of IS. The difference in the
ratios between the single and APAP-combined groups were
determined via two-tailed t-test (independent sample t-test)
using Microsoft Excel (ver. 2014; Redmond, WA, USA). The
differences were considered statistically significant at p < 0.05, p
< 0.01, or p < 0.001.
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Kinetics studies

The UV-vis spectra were recorded on a UV-visible spectropho-
tometer (Cary 8454; Agilent, Santa Clara, CA. USA) equipped
with a temperature-controlled cuvette holder (UNISOKU Co.,
Ltd., Hirakata, Osaka, Japan). The reactions were followed by
monitoring the UV-vis spectral changes of the reaction solu-
tions at —40 °C. All reactions were run in triplicate, and the data
reported represented the average of these reactions. The
iron(iv)-oxo porphyrin 7-cation radical species, [(tmp**)Fe™ (0)]*
(1), was prepared as previously reported; briefly,
[Fe™(tmp)](CF;SO;) was treated with 2.4 equiv. of m-CPBA in
a CH3CN/CH,Cl, (9:1) solvent mixture at —20 °C.* The
formation of the iron(wv)-oxo intermediates was confirmed via
UV-vis spectrophotometry. Subsequently, appropriate amounts
of AT-III were added to the reaction solutions. After the
completion of the reactions, pseudo-first-order fitting of the
kinetic data allowed us to determine the k., values. The
resulting solution was directly injected into the HPLC for the
identification and quantification of the reaction products. The
products were identified by comparing the obtained retention
times and mass patterns to those of known authentic samples.
The hydroxylated of AT-III was confirmed via LC/MS analysis.

Cyclic voltammetry

Electrochemical measurements were performed on a CHI617B
electrochemical analyzer (CH Instruments, Inc., Austin, TX,
USA) in CH;CN containing 0.10 M Bu,NPF, (TBAPF¢) as the
supporting electrolyte at 25 °C. A conventional three-electrode
cell was used with a glassy carbon working electrode (surface
area of 0.030 cm®), a platinum wire as the counter electrode and
an Ag/Ag" electrode as the reference electrode (in CH;CN). The
glassy carbon working electrode was routinely polished with
BAS polishing alumina suspension and rinsed with acetone and
acetonitrile before use. The measured potentials were recorded
with respect to the Ag/Ag" (0.010 M) reference electrode (in
CH;CN).

DFT calculation

The geometric optimisation of AT-III, the one-electron oxidised
AT-III and the 4th and 10th carbon oxidised AT-III were con-
ducted with the starting structure taken from the known
structure of AT-III and manually modified. DFT** geometric
optimisations and frequency calculations were performed at the
B3LYP/6-31G level*®** of theory using the Gaussian 16
package.*® Solvent (water) effects were incorporated, even
during geometry optimizations, through CPCM scheme as
implemented in Gaussian 16.**** The energy evaluations were
performed at the B3LYP/6-311+G** level****** on the structure
obtained via B3LYP/6-31G.

Conclusions

We noted that both AT-III and its oxygenated form (AT-III-O)
were detected in plasma samples collected from rats after the
oral administration of AT-III. A catalytic reaction model using
iron(iv)-oxo porphyrin, [(tmp™)Fe™(O)]" (1), revealed that the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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oxygenation of AT-III proceeded via H-atom abstraction and an
oxygen rebound mechanism, with a second-order rate constant
(k;) of 2.8 M~ " s~ " at —20 °C that was mediated by 1. Theoretical
calculations revealed that the oxygenation of AT-III by 1
occurred at the 4th and 10th carbon positions. Although the
chemical reaction model revealed that the oxidation of APAP
was faster than that of AT-III using 1, we noted that the co-
administration of APAP with AT-III did not affect the kinetic
changes of AT-III and AT-III-O in the rat model. Given these
findings, we theorised that the metabolism of AT-III involved
CYP450 and other O,-activating metalloenzymes. The
complexity of the metabolic pathways is highlighted in the
present study and warrants more detailed investigations to
determine its usefulness combinatorial medical applications.
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