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Abstract

Scope—There are limited data on the metabolism of [6]-shogaol, a major bioactive component
of ginger. This study demonstrates metabolism of [6]-shogaol in liver microsomes from mouse,
rat, dog, monkey, and human.

Methods and results—The /n vitro metabolism of [6]-shogaol was compared among five
species using liver microsomes from mouse, rat, dog, monkey, and human. Following incubations
with [6]-shogaol, three major reductive metabolites 1-(4'-hydroxy-3'-methoxyphenyl)-4-decen-3-
ol (M6), 1-(4'-hydroxy-3'-methoxyphenyl)-decan-3-ol (M9), and 1-(4'-hydroxy-3'-
methoxyphenyl)-decan-3-one (M11), as well as two new oxidative metabolites (1£, 4£)-1-(4'-
hydroxy-3'-methoxyphenyl)-deca-1,4-dien-3-one (M14) and (£)-1-(4'-hydroxy-3'-
methoxyphenyl)-dec-1-en-3-one (M15) were found in all species. The kinetic parameters of M6 in
liver microsomes from each respective species were quantified using Michaelis-Menten theory. A
broad CYP-450 inhibitor, 1-aminobenzotriazole, precluded the formation of oxidative metabolites
M14 and M15, and 18p-glycyrrhetinic acid, an aldo-keto reductase inhibitor, eradicated the
formation of the reductive metabolites M6, M9, and M11 in all species. Metabolites M14 and M15
were tested for cancer cell growth inhibition and induction of apoptosis and both showed
substantial activity, with M14 displaying greater potency than [6]-shogaol.

Conclusion—We conclude that [6]-shogaol is metabolized extensively in mammalian species
mouse, rat, dog, monkey, and human, and that there are significant interspecies differences to
consider when planning pre-clinical trials towards [6]-shogaol chemoprevention.
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1 Introduction

Ginger, the rhizome of Zingiber officinale is a commonly used spice and crude drug, a
flavoring and curative utilized for many years throughout the world. Ginger is touted for its
relief of nausea [1], anti-inflammatory properties [2] and putative anti-cancer activity [3-5].
The major pharmacologically active components of ginger are gingerols and shogaols [6-9].
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Thermal processing of [6]-gingerol gives [6]-shogaol, the latter of which has been shown to
exert higher growth-inhibitory effects against cancer cells than the former [10]. There have
been several studies promoting the bioactivity of [6]-shogaol. For instance, Hu et al.
demonstrated efficacy of [6]-shogaol against tumor growth in mouse SMMC-7721
xenografts by induction of apoptosis, activation of caspase-3, and inactivation of
endoplasmic reticulum stress-related protein elF2a [11]. Additionally, an investigation by
Weng et al. demonstrated that [6]-shogaol exerts its antiinvasive activity against metastic
hepatoma cells via inhibition of the transcription and translation pathways of matrix
metalloproteinases (MMPs) and urokinase-type plasminogen activators (UPA) [12]. A study
of structure-function activity identified [6]-shogaol as a potent inhibitor of PGE; release, an
indication of anti-inflammation, compared to other ginger components and
hexahydrocurcumin [13]. Our group has also shown [6]-shogoal causes induction of
programmed cell death in HCT-116 human colon cancer cells and H-1299 human lung
cancer cells [14].

Over the past few decades, the pharmacokinetics of [6]-shogaol have been investigated in
mouse, rat, and in human [15-19]. However, little attention has been paid to its metabolism,
which may influence its efficacy and toxicity /n vivo. Our group’s previous study reported
the metabolism of [6]-shogaol in mice and cancer cells, in which 13 metabolites were
identified [14]. By examining the biotransformation of [6]-shogaol, we found that the
mercapturic acid pathway and a redox pathway are its major metabolic routes. Our results
also indicated that [6]-shogaol’s redox metabolites (M9 and M11) triggered apoptosis in
human colon and lung cancer cells, giving evidence that [6]-shogaol continues to be
somewhat pharmacologically effective after being metabolized /n vitro. However,
significant differences in metabolic pathways among different species may exist, and the
various metabolites and their concentrations can potentially affect /n7 vivo bioactivities and
toxicities. For example, coumarin is metabolized in human and in mouse to 7-hydroxy
coumarin. However, coumarin is transformed to a carcinogenic epoxide in rat, a drastic
consequence of differential metabolism in seemingly similar mammals [20]. This proven
rationale of interspecies variation in terms of metabolic behavior was the impetus to
investigate the biotransformation of [6]-shogaol among different species.

The current study therefore provides a comparison of [6]-shogaol metabolism in humans and
in different experimental animals including mouse, rat, dog, and monkey, and compares the
pharmacokinetic parameters in liver microsomes from these species.

2 Materials and Methods
2.1 Reagents

Microsomes and NADPH-regenerating systems were procured from BD Biosciences
(Bedford, MA). [6]-Shogaol was prepared from ginger extract in our laboratory [10]. 1-(4'-
Hydroxy-3'-methoxyphenyl)-4-decen-3-ol (M6), 1-(4'-hydroxy-3'-methoxyphenyl)-decan-3-
ol (M9), and 1-(4'-hydroxy-3'-methoxyphenyl)-decan-3-one (M11) were purified from
mouse feces as described before [14]. 1-Aminobenzotriazole (ABT), 183-glyccerhetinic acid
(18B-GA), and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) were purchased from
Sigma Aldrich (St. Louis, MO). Analytical (250 pm thickness, 2—-25 pm particle size) and
preparative TLC plates (2000 pm thickness, 2—-25 pm particle size) were purchased from
Sigma Aldrich (St. Louis, MO) and Sorbent Technologies (Atlanta, GA), respectively.
HPLC and LC/MS grade solvents were obtained from VWR Scientific (South Plainfield,
NJ). HCT-116 human colon cancer cells and H-1299 human lung cancer cells were obtained
from American Type Tissue Culture (Manassas, VA). McCoy’s 5A medium was purchased
from Thermo Fisher Scientific (Waltham, MA). Fetal bovine serum (FBS) and penicillin/
streptomycin were purchased from Gemini Bio-Products (West Sacramento, CA). MTT (3-
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(4,5-dimethylthiaxol-2-yl)-2,5-diphenyltetrazolium bromide) was procured from
Calbiochem-Novabiochem (San Diego, CA).

2.2. Incubation with liver microsomes

2.2.1 Experiment 1—Human liver microsomes (HLM) (either 0.1 mg/mL or 0.5 mg/mL
final concentration) were incubated with [6]-shogaol (50 uM) for several time points. The
experimental incubation mixture consisted of 100 mM potassium phosphate buffer, a
prepared NADPH-regenerating system, and human liver microsomes. In all experiments,
[6]-shogaol was dissolved in dimethylsulfoxide (DMSO) with a final concentration not
exceeding 1% (v/v). After 5 min preincubation in a 37°C water bath, the reaction was
initiated by the addition of [6]-shogaol and was further incubated at 37°C. The reaction was
terminated at 0, 30, 45, and 60 minutes by the addition of ice-cold acetonitrile (equal
volume) containing 2% acetic acid. The mixture was vortexed and underwent centrifugation
at 13,000g for 10 minutes. Aliquots of supernatant were stored at —20°C until analysis.
Control incubations without NADPH-regenerating system, without substrate, or without
microsomes were performed to ensure that metabolite formation was microsome- and
NADPH- dependent.

2.2.2 Experiment 2—Based upon the optimized conditions in experiment 1, mouse liver
microsomes (MLM), rat liver microsomes (RLM), dog liver microsomes (DLM), monkey
liver microsomes (CyLM) and human liver microsomes (HLM) (each 0.5 mg/mL,
respectively), were mixed with aforementioned incubation mixture and were held in 37°C
water bath for 5 minutes before the reactions were initiated by the addition of [6]-shogaol
(50 uM). Reactions were terminated after 30 minutes incubation in a 37°C water bath by the
addition of ice-cold acetonitrile (equal volume) containing 2% acetic acid. The mixture was
vortexed and underwent centrifugation at 13,0009 for 10 minutes. Aliquots of supernatant
were stored at —20°C until analysis.

2.3 Chemical inhibition studies

Inhibitors ABT (500 pM) and 18B-GA (500 pM) or DMSO controls were pre-incubated with
microsomes in experimental incubation mixture at 37°C for 20 minutes before initiating the
reaction by the addition of [6]-shogaol (50 uM). Reactions were terminated 30 minutes after
substrate addition and incubation in a 37°C water bath by equal volume of ice-cold
acetonitrile with 2% acetic acid. The mixture was vortexed and underwent centrifugation at
13,000g for 10 minutes. Aliquots of supernatant were stored at —20°C until analysis.

2.4 Sample preparation for LC/MS analysis

To elucidate the structures of the two previously uncharacterized metabolites of [6]-shogaol,
samples from CyLM incubations were enriched by partitioning with EtOAc. Briefly, a large-
scale reaction (1.0 mL) of CyLM incubated with [6]-shogaol was performed in which
enzyme concentration was 0.5 mg/mL and [6]-shogaol concentration was 50 uM. All other
reagent relative concentrations were kept constant. After 30 minutes incubation in a 37°C
water bath, samples were treated in an identical fashion as described above to stabilize
metabolites and precipitate proteins from solution. The supernatant was then extracted three
times with ice-cold EtOAc (5x volumes each time). The pooled supernatant was dried under
reduced pressure at 30 °C, and the residue was resuspended in MeOH with 0.2% acetic acid
for LC/MS analysis.

2.5 Synthesis of (1E, 4E)-1-(4"-hydroxy-3'-methoxyphenyl)-deca-1,4-dien-3-one (M14)

[6]-Shogaol (276 mg, 1.0 mmol) was dissolved in tetrahydrofuran (THF) and cooled down
to 0 °C. To this mixture, a solution of DDQ (181 mg, 0.8 mmol) in THF was added. The
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mixture was stirred at 0 °C for 30 minutes and then warmed to room temperature (RT) for 3
hours. Then water was added and the resulting mixture was extracted with EtOAc (x 3). The
organic phase was washed with water (x 1) and brine (x 1), dried over anhydrous NaSQOy,
and filtered. The filtration was evaporated and the residue was purified by chromatography
column (CC) (hexane/ethyl acetate = 8:1 and 6:1) to give the desired compound as a yellow
0il (170 mg, yield: 62%); 1H NMR (600 MHz, CDCl3) & 7.59 (1H, d, /= 15.9 Hz, H-1),
6.82 (1H, d, J=15.9 Hz, H-2), 6.44 (1H, d, /= 15.6 Hz, H-4), 6.99 (1H, dt, /= 15.6, 7.0 Hz,
H-5), 2.27 (2H, q, J= 7.0 Hz, H-6), 1.51 (2H, m, H-7), 1.34-1.29 (4H, m, H-8 and H-9),
0.90 (3H, t, J= 6.8 Hz, H-10), 7.07 (1H, d, /= 1.4 Hz, H-2"), 6.93 (1H, d, /= 8.2 Hz, H-5"),
7.14 (1H, dd, J= 8.2, 1.4 Hz, H-6"), and 3.93 (3H, s, OMe-3"); 13C NMR (150 MHz, CDCl5)
0143.3 (d, C-1), 123.3 (d, C-2), 189.3 (s, C-3, C=0), 129.1 (d, C-4), 148.0 (d, C-5), 32.7 (t,
C-6), 27.9 (t, C-7), 31.4 (t, C-8), 22.4 (t, C-9), 14.0 (g, C-10), 127.4 (s, C-1"), 109.7 (d, C-2),
148.1 (s, C-3'), 146.8 (s, C-4"), 114.8 (d, C-5'), 122.9 (d, C-6"), and 56.0 (g, OMe-3");
positive ESI-MS, m/z 275 [M + H]".

2.6 Synthesis of (E)-1-(4"-hydroxy-3'-methoxyphenyl)-dec-1-en-3-one (M15)

General procedure above was followed by using M11 (45 mg, 0.16 mmol), prepared
previously in our lab, and DDQ (29 mg, 0.13 mmol) in THF (6 mL). The mixture was stirred
at RT for 2 hours. The resulting residue was purified by preparative TLC (hexane/ethyl
acetate = 5:1) to give the desired compound as a yellow oil (34 mg, yield: 77%); 1H NMR
(600 MHz, CDCl3) 4 7.47 (1H, d, J=16.1 Hz, H-1), 6.59 (1H, d, /= 16.1 Hz, H-2), 2.63
(2H, t, J=7.5 Hz, H-4), 1.66 (2H, m, H-5), 1.33-1.25 (8H, m, ranged from H-6 to H-9), 0.87
(3H,t, J=6.7 Hz, H-10), 7.08 (1H, d, /= 1.6 Hz, H-2"), 6.91 (1H, d, /= 8.2 Hz, H-5"), 7.09
(1H, dd, J= 8.2, 1.6 Hz, H-6"), and 3.92 (3H, s, OMe-3"); 13C NMR (150 MHz, CDCl5) 3
142.6 (d, C-1), 124.2 (d, C-2), 200.8 (s, C-3, C=0), 40.7 (t, C-4), 24.6 (t, C-5), 29.3 (t, C-6),
29.1 (t, C-7), 31.7 (t, C-8), 22.6 (t, C-9), 14.1 (g, C-10), 127.1 (s, C-1'), 109.4 (d, C-2),
148.1 (s, C-3'), 146.8 (s, C-4'), 114.8 (d, C-5'), 123.4 (d, C-6"), and 56.0 (g, OMe-3");
positive ESI-MS, m/z 277 [M + H]*.

2.7 HPLC analysis

An HPLC-ECD (ESA, Chelmsford, MA) consisting of an ESA model 584 HPLC pump, an
ESA model 542 autosampler, an ESA organizer, and an ESA electrochemical detector
(ECD) coupled with two ESA model 6210 four sensor cells was used. A Gemini C18
column (150 mm x 4.6 mm, 5 um; Phenomenex, Torrance, CA) was used for
chromatographic analysis at a flow rate of 1.0 mL/min. The mobile phases consisted of
solvent A (30 mM sodium phosphate buffer containing 1.75% acetonitrile and 0.125%
tetrahydrofuran, pH 3.35) and solvent B (15 mM sodium phosphate buffer containing 58.5%
acetonitrile and 12.5% tetrahydrofuran, pH 3.45). The gradient elution had the following
profile: 20-62% B from 0 to 13 min; 62% B from 13 to 39 min; 62-100% B from 39 to 48
min; 100% B from 48 to 53 min; and 20%B from 53.1 to 58 min. The cells were then
cleaned at a potential of 2000 mV for 1 minute. The injection volume of the sample was 10
uL. The eluent was monitored by the Coulochem electrode array system (CEAS) with
potential settings at 0, 200, 250, 300, 350, 400 and 500 mV. Data for Figures 2, 3, and 5
were from the channel set at 300 mV of the CEAS.

2.8 LC/MS analysis

LC/MS analysis was carried out with a Thermo-Finnigan Spectra System, which consisted
of an Accela high-speed MS pump, an Accela refrigerated autosampler, and an LTQ Velos
ion trap mass detector (Thermo Electron, San Jose, CA, USA) incorporated with heated
electrospray ionization (H-ESI) interfaces. A Gemini C18 column (50 x 2.0 mm i.d., 3 um;
Phenomenex, Torrance, CA, USA) was used for separation at a flow rate of 0.2 mL/min.
The column was eluted with 100% solvent A (5% aqueous methanol with 0.2% acetic acid)
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for 3 minutes, followed by linear increases in B (95% aqueous methanol with 0.2% acetic
acid) to 40% from 3 to 15 minutes, to 85% from 15 to 45 minutes, to 100% from 45 to 50
minutes, and then with 100% B from 50 to 55 minutes. The column was then re-equilibrated
with 100% A for 5 minutes. The LC eluent was introduced into the H-ESI interface. The
positive ion polarity mode was set for the H-ESI source with the voltage on the H-ESI
interface maintained at approximately 4.5 kV. Nitrogen gas was used as the sheath gas and
auxiliary gas. Optimized source parameters, including ESI capillary temperature (300 °C),
capillary voltage (50 V), ion spray voltage (3.6 kV), sheath gas flow rate (30 units),
auxiliary gas flow rate (5 units), and tube lens (120 V), were tuned using authentic [6]-
shogaol. The collision-induced dissociation (CID) was conducted with an isolation width of
2 Da and normalized collision energy of 35 for MS? and MS3. Default automated gain
control target ion values were used for MS — MS3 analyses. The mass range was measured
from 50 to 1000 /m/z. Data acquisition was performed with Xcalibur 2.0 version (Thermo
Electron, San Jose, CA, USA).

2.9 Nuclear magnetic resonance (NMR)

1H and 13C NMR spectra were recorded on a Bruker AVANCE 600 MHz spectrometer
(Brucker, Inc., Silberstreifen, Rheinstetten, Germany). Compounds were analyzed in CDCls.
Multiplicities are indicated by s (singlet), d (doublet), t (triplet), g (quartet), and br (broad).
The 13C NMR spectra are proton decoupled.

2.10 Kinetic study

2.11 Growth

To estimate kinetic parameters of metabolism of [6]-shogoal to major product M6 in liver
microsomes from human and other species, the incubation conditions were optimized to
ensure that formation rate of M6 was in the linear range in relation to incubation time and
protein concentration. [6]-Shogaol (7.81, 15.63, 31.25, 62.5, 125, 250, 500, 1000, and 2000
uUM) was incubated with MLM, RLM, DLM, CyLM, and HLM (0.1 mg/mL each,
respectively) for 30 minutes. All incubations were performed in triplicate. The apparent K,
and V4 values were calculated from analysis of experimental data according to the
Michaelis-Menten equation, and the results were graphically represented (for HLM) by an
Eadie-Hofstee plot. Kinetic constants were reported as the value +/- S.E. of the parameter
estimate.

inhibitory effects of M14 and M15 against human colon and lung cancer cells

Cell growth inhibition was determined by a MTT colorimetric assay [21]. Human colon
cancer cells HCT-116 and human lung cancer cells H-1299 were plated in 96-well microtiter
plates with 3000 cells/well and allowed to attach for 24 hours at 37 °C. The test compounds
(in DMSO) were added to cell culture medium to the desired final concentrations (final
DMSO concentrations for control and treatments were 0.1 %). After the cells were cultured
for 24 hours, the medium was aspirated and cells were treated with 200 pL fresh medium
containing 2.41 mmol/L MTT. After incubation for 3 hours at 37 °C, the medium containing
MTT was aspirated, 100 uL of DMSO was added to solubilize the formazan precipitate, and
plates were shaken gently for an hour at room temperature. Absorbance values were derived
from the plate reading at 550 nm on a Biotek microtiter plate reader (Winooski, VT). The
reading reflected the number of viable cells and was expressed as a percentage of viable
cells in the control. Both HCT-116 and H-1299 cells were cultured in McCoy’s 5A medium.
All of the above media were supplemented with 10 % fetal bovine serum, 1 % penicillin/
streptomycin, and 1 % glutamine, and the cells were kept in a 37 °C incubator with 95%
humidity and 5% CO».
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2.12 Measurement of induction of apoptosis in human cancer cells by M14, M15, and [6]-

shogaol

3 Results

Human colon cancer cells HCT-116 and human lung cancer cells H-1299 were plated in 96-
well plates at a density of 5000 cells/well and allowed to attach overnight at 37°C. M14,
M15, or [6]-shogaol in DMSO, or DMSO control, diluted in media, were added to cells and
incubated for an additional 24 hours at 37°C. After 24 hours, media containing compound
was removed and cells were lysed in their respective wells with reagents from a Cell Death
Detection ELISAPLYS kit from Roche Applied Science (Mannheim, Germany). Samples
were harvested after cell lysates were spun down at 300 g for 10 minutes. To streptavidin
coated microplates, 20 pL samples were added, and mixed with 80 pL Immunoreagent,
which consisted of anti-histone-biotin, and anti-DNA-POD, and incubated with gentle
shaking for 2 hours at room temperature. After incubation, Immunoreagent was removed
and samples were washed 3 times with 250 pL incubation buffer. Substrate solution, ABTS,
was added to each well and color was developed for 15 minutes before stopping the reaction
with ABTS stop solution and reading absorbance on a microplate reader at 430 nm.
Experiments were performed in triplicate and the average is given in comparison to DMSO
control with standard deviation.

3.1 Incubation conditions of [6]-shgoaol with human liver microsomes

As there are no reports of the metabolism of [6]-shogaol in liver microsomes and subsequent
HPLC-ECD analysis, we found it was necessary to optimize the parameters of our
experimental conditions by varying both the enzyme concentration relative to the reaction
mixture and the incubation times (Figure 2). As expected, transformation of [6]-shogaol
occurred more rapidly in the condition containing 0.5 mg/mL human liver microsomes than
in the condition with 0.1 mg/mL microsomes. The profiles were comparable, with no
noticeable difference besides the aforementioned metabolic velocity. After examining the
profiles from different conditions, we fixed the incubation parameters optimized for
metabolite identification and interspecies comparison with hepatic microsomes at 0.5 mg/
mL along with NADPH-regenerating system for 30 minutes.

3.2 Structure elucidation of [6]-shogaol metabolites

Figures 3A-3E show the LC chromatograms of [6]-shogaol and its metabolites after 30
minutes incubation with mouse, rat, dog, monkey, and human liver microsomes. We
observed five major product peaks when [6]-shogaol (50 uM) was incubated with the
hepatic microsomes from these five species (Figure 3). All of the peaks were identified by
comparing their MS?2 spectra with those of authentic standards.

3.2.1 Metabolites M6, M9 and M11—Metabolites at the retention time of 29.3, 33.9, and
41.8 min were identified as 1-(4'-hydroxy-3'-methoxyphenyl)-4-decen-3-ol (M6), 1-(4'-
hydroxy-3'-methoxyphenyl)-decan-3-ol (M9), and 1-(4’-hydroxy-3'-methoxyphenyl)-
decan-3-one (M11), respectively, by comparing their mass spectra with those of authentic
standards (Figures 4F-4H) that were purified from mouse feces as described before [14].

3.2.2 Metabolite M14—In order to identify the other two unknown peaks (M14 and M15),
we ran the sample obtained from CyLM on LC/MS. Our results indicated that M14 had a
molecular weight of m/z 274 as determined by the mass ions at m/z 275 [M+H]*, 297 [M
+Na]*, and 571 [2M+Na]*, which was 2 mass units less than that of [6]-shogaol. This
metabolite showed m/z 177 but not 137 (product ion of [6]-shogaol) as a major product ion,
which led us to suspect that this unknown peak was a 1,2-dehydrogenated product of [6]-
shogaol. In order to confirm this deduction, we synthesized the compound as described in
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the experimental section. This synthetic compound had a molecular formula C17H2,03 on
the basis of positive ESI-MS at /7/z7275 [M + H]* and its 1H and 13C NMR data. The
molecular weight of this compound (m/z: 274) was 2 mass units less than that of [6]-shogaol
(m/z: 276) indicating it was dehydrogenated [6]-shogaol. This was also supported by the
observation of the absence of two methenes and the presence of two more olefinic methines
(8 7.59 and & 6.82; and 8¢ 143.1 and 8¢ 123.3) in its 1H and 13C NMR spectra.
Additionally, geometry of the double bond between C-1 and C-2 was determined as £-
configuration by the coupling constant J; , = 15.9 Hz. Therefore, this compound was
confirmed as (1£,4£)-1-(4-hydroxy-3-methoxyphenyl)deca-1,4-dien-3-one. M14 had almost
the same retention time as well as the same mass fragment as those of the synthetic (15,

4 E)-1-(4'-hydroxy-3'-methoxyphenyl)-deca-1,4-dien-3-one (Figure 4A). Therefore, M14
was identified as (1£, 4E)-1-(4'-hydroxy-3'-methoxyphenyl)-deca-1,4-dien-3-one (Figure 1).

3.2.3 Metabolite M15—In the same way, we found another peak showed a molecular
weight of m/z 276 as determined by the mass ions at m/z 277 [M+H]*, 299 [M+Na]*, and
575 [2M+Na]*. M15 had the same molecular weight as that of [6]-shogaol, which let us
suspect that it was a double bond transferred metabolite of [6]-shogaol. In order to confirm
this deduction, we also synthesized this compound using M11 as described in the
experimental section. This synthetic compound had a molecular formula C;7H2403 on the
basis of positive ESI-MS and its 1H and 13C NMR data. The molecular weight of this
compound was 2 mass units less than that of M11, coinciding with the fact that it was a
dehydrogenated product of M11, and also supported by the appearance of two olefinic
methines (8 7.47 and 8y 6.59; and 8¢ 142.6 and 8¢ 124.2) in its 1H and 13C NMR spectra.
Additionally, the £-configuration between C-1 and C-2 was determined by the coupling
constant J; » = 16.1 Hz. Therefore, this compound was confirmed to be (£)-1-(4'-
hydroxy-3'-methoxyphenyl)-dec-1-en-3-one. M15 had almost the same retention time as
well as the same mass fragment as those of the synthetic (£)-1-(4'-hydroxy-3'-
methoxyphenyl)-dec-1-en-3-one (Figure 4B). Therefore, M15 was identified as (£)-1-(4'-
hydroxy-3'-methoxyphenyl)-dec-1-en-3-one (Figure 1).

3.3 Metabolism of [6]-shogaol by liver microsomes from different species

The metabolic profiles of [6]-shogaol in MLM, RLM, DLM, and CyLM were similar to
those in HLM as the five major metabolites, M6, M9, M11, M14, and M15 were detected in
all five species (Figure 3). Monkey liver microsomes gave the highest abundance of
oxidized metabolites after 30 minutes incubation, in stark contrast to human liver
microsomes, which gave the least. These results suggest stronger interspecies differentiation
in the enzymes responsible for [6]-shogaol oxidative metabolism than its reductive
metabolism, which is seemingly conserved.

3.4 Chemical inhibition studies

To determine the inclusion of CYP-450 enzymes in [6]-shogaol metabolism, ABT, a broad-
specificity P450 inactivator [22], was applied to incubations of liver microsomes with [6]-
shogaol. In human (Figures 5A and 5B), oxidative metabolism was abrogated yet reductive
metabolism still occurred. This result was similar in mouse, rat, dog, and monkey (data not
shown). Hence, CYP-450 enzymes were implicated in oxidative metabolism of [6]-shogaol.
As the broad-specificity P450 suicide substrate ABT did not inhibit reductive metabolism in
all species, it was clear that non-P450 enzymes were implicated. Thus, we applied 180-
glycyrrhetinic acid, a known aldo-keto reductase inhibitor [23] to our reaction mixture of
HLM and found that reductive metabolism of [6]-shogaol was decimated (Figure 5C).
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Over the concentration range tested, metabolism of [6]-shogaol to M6 in liver microsomes
from humans and four animal species obeyed Michaelis-Menten kinetics, as evidenced by
the Eadie-Hofstee plot (Figure 6). The kinetic parameters, including Ky, Vnax and the
intrinsic clearance (Va4 Kn), were determined and are listed in Table 1. In human liver
microsomes, the K, value for M6 formation was 45.6 pM and the Vj;,was 10.82 +/- 0.47
nmoles per minute per milligram microsomal protein. In liver microsomes from four
experimental animals, the K, values for M6 formation ranged from 75.7 pM (mouse) to
424.2 uM (monkey), displaying vast interspecies variation. The V. values for the
remaining four species varied as well, with 2.99 +/- 0.28 (monkey) to 8.19 +/- 0.48 (rat)
nmoles per minute per milligram enzyme, a kinetic trend that was consistent with the
perceived relative formation rates of M6 across five species in the HPLC-ECD
chromatogram of Figure 3. Intrinsic clearance values varied significantly across all five
species, from 7.0 pL per minute per milligram protein (monkey) to 80.5 pL per minute per
milligram protein (rat), indicating the relative affinities of M6 formation from lowest to
highest in CyLM and RLM, respectively.

3.6 Growth inhibitory effects against human cancer and normal cells

Two human cancer cell lines, HCT-116 and H-1299, were treated with [6]-shogaol or its
synthetic metabolites M14 and M15, with concentrations ranging from 0 to 80 uM. Cell
viability assays utilizing MTT resulted in high potency of M14 and moderate potency of
M15, relative to [6]-shogaol, with ICsq values of 3.22, 43.02, and 19.94 uM, respectively,
against colon cancer cells HCT-116 (Figure 7A). In lung cancer cells H-1299, a similar
trend was observed with M14, M15, and [6]-shogaol, with ICsq values of 3.04, 41.59, and
17.32 UM, respectively (Figure 7B).

3.7 Induction of apoptosis in human cancer cells by M14, M15, and [6]-shogaol

Following the implications of cytotoxicity in cancer cells induced by M14, M15, and [6]-
shogaol, the pro-apoptotic properties of these compounds were measured (Figure 7C and
7D). M14 still remained the most potent compound, with induction of apoptosis of about 6-
fold in HCT-116 cells and about 7~8 fold in H-1299 cells, compared to DMSO control after
administration of 10 uM compound and 24 hours incubation. Even treatment of 1 yM M14
gave a 2-fold induction of apoptosis in HCT-116 cells and 1-fold induction in H-1299 cells,
compared to DMSO control, further verifying the strong bioactivity of this metabolite.
Metabolite M15 gave similar, if somewhat greater apoptotic effects against both cancer cell
lines after treatment for 24 hours, as parent compound [6]-shogaol. Administration of 10 uM
M15 or [6]-shogaol was sufficient in both cell lines to induce apoptosis, by 1-fold in
HCT-116 and almost 2-fold in H-1299. The similarities in pro-apoptotic potencies between
[6]-shogaol and M15 was not entirely expected, as [6]-shogaol was more than twice as toxic
in the previous MTT assays. However, as apoptosis is a specific form of cell death, the
results are not unreasonable.

4 Discussion

The possible cancer-preventive activity of ginger is receiving more and more attention.
Information on the metabolism of ginger components such as [6]-shogaol is important for
understanding the biological effects of ginger. Previously, we reported the metabolism of
[6]-shogaol in mice and in cancer cells. In general, animal models are used in the
development of new drugs, as pre-clinical models to predict metabolic behavior in human.
Thus far, the differences in the metabolic pathways and behaviors of [6]-shogaol between
human and common experimental animals have not been revealed. Hence, in this study a
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comparison of metabolic profiles, enzymes involved, and catalytic efficiency for [6]-shogaol
metabolism in liver microsomes from different species was performed.

Our study revealed a comparative metabolism of [6]-shogaol in liver microsomes from
mouse, rat, dog, monkey, and human (Figures 3A-3E). The spectra were similar across all
animal species, with a few distinct differences. For instance, the ratios and relative
abundances of the major metabolites were not conserved, although the major metabolites
were found in all spectra. Metabolite M6 was the dominant peak in spectra from the rodent
species after 30 minutes incubation of [6]-shogaol with microsomes, was found in an
intermediate relative amount in dog and in human, and was a minor metabolite in monkey.
In addition, M11 was the major product of [6]-shogaol metabolism in HLM, but a very
minor product of incubation from microsomes of other species, with minute amounts in
MLM and CyLM. However, the greatest species variegation noted was with metabolites
M14 and M15. In particular, M14 was the major metabolite in CyLM under our
experimental parameters, while the peak produced from this compound was minor in all
other species, with the smallest amount produced from HLM incubation. Metabolite M15,
although present in all species after [6]-shogaol metabolism, was very minor in mouse, rat,
and human, but was abundant in dog and in monkey.

For further exploration of the similarity of the enzymes responsible for the metabolism of
[6]-shogaol from various species, chemical inhibition studies with use of selective general
inhibitors were administrated. Using a general CYP-450 inhibitor ABT [22], it was shown
that both M14 and M15 were catalyzed predominantly by CYP-450 enzymes (Figure 5B).
This evidence suggests that the P450 enzymes involved in [6]-shogaol metabolism are not
conserved as a function of evolutionary similarity, given the disparity between CyLM and
HLM. Genetically, monkey and human have a low relative divergence [24]. However, the
minute differences in the composition of the CYP enzymes in seemingly familiar species
have very apparent metabolic consequences, as noted in this study. In planning preliminary
in vivo experiments with animal models to scale for human dosing, this is an important
consideration. Further work to elucidate the specific CYP-450 isoform(s) implicated in [6]-
shogaol biotransformation would be necessary to uncover possible drug-interactions or other
metabolic consequences of [6]-shogaol consumption.

While CYP-450 enzymes are implicated in the metabolism of many xenobiotics, non-P450
enzymes have also been characterized in this pursuit, and are an important consideration of
[6]-shogaol biotransformation. Reduction of xenobiotic carbonyls is a significant metabolic
route to produce more hydrophilic and often less toxic compounds, which can be substrates
for phase Il conjugation by UDP-glucuronosyl transferases or sulfotransferases, leading
ultimately to excretion of the products [25]. An a,B-unsaturated ketone such as [6]-shogaol
is likely to undergo selective reductive metabolism with initial chain saturation and
subsequent reduction to the alcohol metabolite by an aldo-keto reductase [4, 26-28]. An
easily accessible and well known dehydrogenase inhibitor, licorice root derivative 18-
glycyrrhetinic acid (18p-GA) [29], was employed in this study to investigate the role of
aldo-keto reductase enzymes in [6]-shogaol metabolism in liver microsomes. Administration
of 18B-GA inhibited [6]-shogaol metabolism in all species, thereby verifying our assumption
that [6]-shogaol reductive metabolism was a function of aldo-keto reductase(s).

Once we confirmed the implication of an aldo-keto reductase in [6]-shogaol metabolism in
the five species tested, it was necessary to address the observed discrepancies of catalytic
efficiencies amongst the animal liver microsomes. In order to quantify a portion of [6]-
shogaol metabolism, we investigated the pharmacokinetics of major metabolite M6
formation in MLM, RLM, DLM, CyLM, and HLM, using Michaelis-Menten parameters.
Our calculated results were consistent with the observed spectra engendered from
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incubations of each respective species and [6]-shogoal. That is, mouse and rat showed
significant preference for M6 formation, both qualitatively and quantitatively, with the
largest peak areas for this metabolite (Figure 3) and the lowest K, values (Table 1) after 30
minute incubations with [6]-shogaol. Intrinsic clearance values for these species were also
the highest, indicating greater catalytic efficiency. Conversely, monkey liver microsomes
produced a small amount of M6, with a matching high K, value and a low intrinsic
clearance value. Human liver microsomes gave intermediate values for K, and intrinsic
clearance, compared to the four species. Hence, qualitative inspection of the entire metabolic
profiles was necessary to find the animal model most appropriate for human scaling. In
preclinical studies to evaluate pharmacokinetics and toxicity in humans, surrogate models
should have both similar metabolic profiles and close kinetic parameters [30]. In our study
of [6]-shogaol metabolism, it appears that rodent species are the most suitable models for
human scaling, compared to dog and monkey. Due to our inability to develop a method to
separate the other metabolites analytically, we were only able to investigate the kinetic
parameters of metabolite M6. Future work with an improved HPLC detection method would
be necessary to investigate the kinetic parameters of other metabolites.

Another advantage of observing metabolism of [6]-shogaol in different species in this study
was the opportunity to discover two new oxidative metabolites, M14 and M15, and identify
these compounds as (1£,4£)-1-(4-Hydroxy-3-methoxyphenyl)deca-1,4-dien-3-one(M14)
and (£)-1-(4-Hydroxy-3-methoxyphenyl)dec-1-en-3-one (M15) (Figure 1). Bioactivity
assays showed M14 had a significantly increased potency over [6]-shogaol, in both killing
cancer cells and inducing apoptosis, while M15 displayed moderate activity. By observing
the structures of the metabolites tested in this study (Figure 1), it appears that the drastically
increased potency of M14 can be attributed to the additional double bond on the a,p-
unsaturated ketone [6]-shogaol. The double bonds in this compound are thought to be
specifically available to sulfhydryl groups via Michael addition [31] and may react by
depleting antioxidants such as glutathione. Drastic glutathione depletion is an indication of
cellular distress and may induce apoptosis [32]. Similarly, as M15 retains an a,p-unsaturated
ketone composition similar to [6]-shogaol, it is likely the activity retained by this metabolite
can be attributed to this structure. However, in examining the placement of the double bond,
the reduced activity is putatively a result of steric hindrance of the benzyl ring against
bonding of sulfhyldryl groups and subsequent glutathione depletion. Metabolites M14 and
M15 induced apoptosis in these cancer cells lines (Figure 7), indicative of their means of
effect against cancer cells. As these metabolites possess much greater activity than the
reduced metabolites previously assessed in [6]-shogaol biotransformation in cancer cells and
in mice [14], their discovery in this study was of great utility.

This report gave an in-depth exploration of [6]-shogaol metabolism in liver microsomes
from mouse, rat, dog, monkey, and human, with respect to metabolic profiles, enzymes
involved, and catalytic efficacy. This novel investigation can contribute significant
information towards planning animal selection in pharmacokinetic and toxicological studies
of [6]-shogaol /n vivo. Additionally, previously unknown metabolites of [6]-shogaol were
discovered, both displaying significant anti-cancer activity. These data are fundamental
towards future work in [6]-shogaol chemoprevention.
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Structures of [6]-shogaol and its major metabolites.
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Representative HPLC-ECD chromatograms of [6]-shogaol and its metabolites in liver
microsomes from human. [6]-Shogaol (50 uM) was incubated with NADPH-regenerating
system and liver microsomes at 0.1 mg/mL (A-D) or 0.5 mg/mL (E-H) at 37°C for 0, 30,
45, and 60 min.
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Figure 3.

(A-E) Representative HPLC-ECD chromatograms of [6]-shogaol and its metabolites in liver
microsomes from mouse, rat, dog, monkey, and human; and (F-H) MS/MS (positive ion)
spectra of authentic M6, M9, and M11. [6]-shogaol (50 pM) was incubated with liver
microsomes (0.5 mg/ml) from different species and an NADPH-regenerating system at 37°C
for 30 min.
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(A) LC chromatograms of 6-shogaol (6S) treated CyLM as well as M14 (GA) authentic
standard obtained by positive ESI/MS interface extracted with m/z 275 [M+H]* and MS/MS
(positive ion) spectra of the major metabolite (M14) corresponding to m/z 275 [M+H]* in
6S treated CyLM and M14 authentic standard; (B) LC chromatograms of 6S treated CyLM
as well as M15 (GA) authentic standard obtained by positive ESI/MS interface extracted
with m/z 277 [M+H]* and MS/MS (positive ion) spectra of the major metabolite (M15)
corresponding to m/z 277 [M+H]* in 6S treated CyLM and M15 authentic standard.
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Figureb.
Representative HPLC-ECD chromatograms of [6]-shogaol and its metabolites in liver

microsomes from human (0.5mg/mL) incubated with no inhibitor (A), 500uM ABT (B), or
500uM 18B-Glycyyrhetinic Acid (C).
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Figure®6.

Michaelis-Menten plot of [6]-shogaol metabolism to M6 in human liver microsomes. [6]-
Shogaol was incubated with HLM at 37°C for 30 minutes with an NADPH-regenerating
system. An Eadie-Hofstee plot is shown as an insert to illustrate monophase kinetics. Data
points represent the mean of triplicate determinations.
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Figure?7.

Growth inhibition and induction of apoptosis by M14, M15 and [6]-shogaol against human
cancer cells. Human colon cancer (HCT-116) (A) and human lung cancer (H-1299) (B) cells
were incubated with respective metabolites or [6]-shogaol for 24 hours and tested for cell
viability. Values are given as percent of positive control, where n = 6. Induction of apoptosis
by of M14 and M15. Human colon cancer cells (HCT-116) (C) and human lung cancer cells
(H-1299) (D) were incubated with respective metabolites or [6]-shogaol for 24 hours and
tested for induction of apoptosis. Values are given as fold induction against DMSO control,
where n = 3.
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Kinetic parameters of M6 metabolism in liver microsomes: K, values are in micromolar values. V. values
are nanomoles per minute per milligram liver microsomes. The range of substrate concentrations was 7.8 to

2000 pM. Each value is the mean +/- S.D. of three independent experiments.

Species | Viax Km VimaxKm
Human 10.82 +/- 0.47 | 237.2 +/-32.7 45.6
Monkey | 2.99 +/-0.28 4242 +/-108.3 | 7.0

Dog 7.33+/-0.43 251.1+/-42.99 | 29.2

Rat 8.19 +/- 0.48 101.7 +/- 22.62 | 80.5
Mouse 4,10 +/-0.19 75.7 +/- 12.17 54.2
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