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ABSTRACT: Elemicin is a constituent of natural aromatic phenyl-
propanoids present in many herbs and spices. However, its potential to
cause toxicity remains unclear. To examine the potential toxicity and
associated mechanism, elemicin was administered to mice for 3 weeks
and serum metabolites were examined. Enlarged livers were observed in
elemicin-treated mice, which were accompanied by lower ratios of
unsaturated- and saturated-lysophosphatidylcholines in plasma, and
inhibition of stearoyl-CoA desaturase 1 (Scd1) mRNA expression in
liver. Administration of the unsaturated fatty acid oleic acid reduced the
toxicity of 1′-hydroxylelemicin, the primary oxidative metabolite of
elemicin, while treatment with the SCD1 inhibitor A939572 potentiated
its toxicity. Furthermore, the in vitro use of recombinant human CYPs
and chemical inhibition of CYPs in human liver microsomes revealed that
CYP1A1 and CYP1A2 were the primary CYPs responsible for elemicin bioactivation. Notably, the CYP1A2 inhibitor α-
naphthoflavone could attenuate the susceptibility of mice to elemicin-induced hepatomegaly. This study revealed that metabolic
activation of elemicin leads to SCD1 inhibition in liver, suggesting that upregulation of SCD1 may serve as potential
intervention strategy for elemicin-induced toxicity.

■ INTRODUCTION

Alkenylbenzenes are naturally occurring compounds composed
of a benzene ring with a carbon chain (C6−C3 moiety).
Elemicin (3,4,5-trimethoxyallylbenzene) is a typical alkenyl-
benzene that is widely distributed in various medicinal plants,
including nutmeg (Myristica f ragrans Houtt.), parsley
[Petroselinum crispum (Mill.) A. W. Hill], Asarum hetero-
tropoides, sassafras [Sassaf ras albidum (Nutt.)], and Canarium
commune.1,2 Elemicin is one of the main components in
aromatic food supplemented in baked goods, meats, non-
alcoholic beverages, or ice creams.3 Recently, elemicin has
attracted much attention owing to its extensive pharmaco-
logical potential, including antimicrobial,4 antioxidant,5 and
antiviral6 activities. However, as an alkenylbenzenes, elemicin
is similar to estragole, safrole, methyleugenol and myristicin,
that cause genotoxicity7 and hepatocarcinogenic effects in
rodent models.8−10 It was previously revealed that 1′-
hydroxylation of alkenylbenzenes could generate electrophilic
derivatives such as 1′-hydroxyestragole and 1′-hydroxysa-

frole.11,12 These metabolites can react with DNA and form
genotoxic carcinogens. However, the potential toxicity of
elemicin remains unclear.9,13,14

Diversified alkenylbenzenes included estragole, myristicin,
and elemicin were reported to possess genotoxicity and
carcinogenicity.15 The 1′-hydroxylated metabolites of these
alkenylbenzenes mostly showed potent reactivity and thus may
play an initial role in the genotoxicity of the parent
compounds.9,12,14,16 Recently, an in vitro model revealed that
low levels of the procarcinogenic metabolites 1′-hydroxyele-
micin and 1′-sulfoxyelemicin could be formed from elemicin.17

Nevertheless, large doses or long-term consumption of
elemicin or foods rich in elemicin may cause genotoxicity.13

However, the risk assessment data on elemicin or 1′-
hydroxyelemicin on liver are limited.
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In the present study, a mass spectrometry-based metab-
olomic approach was adopted to study elemicin-induced
toxicity and its mechanism. Metabolic changes were inves-
tigated in mice after a three-week daily exposure to 500 mg/kg
elemcin. A significant inhibitory effect of elemcin exposure on
stearoyl-CoA desaturase 1 (SCD1) was identified in mouse
liver, leading to hepatomegaly. 1′-Hydroxyelemicin admin-
istration triggered a disruption of hepatic lipid homeostasis,
which could be potentiated by the SCD1 inhibitor A939572
and ameliorated by supplementation of mouse diets with oleic
acid. The CYP1A2 inhibitor α-naphthoflavone attenuated the
hepatomegaly of elemicin in mice. Further experiments
identified CYP1A1 and CYP1A2 as the major CYP responsible
for the metabolic activation of elemicin. These data suggested
that metabolic activation of elemicin contributes to its toxicity.

■ MATERIALS AND METHODS
Chemicals and Reagents. Elemicin was purchased from Maya

Reagent (Jiaxing, China), and 1′-hydroxyelemicin was synthesized by
Hong-Bo Qin’s laboratory in the Kunming Institute of Botany
(Supporting Information). NADPH, chlorpropamide, and formic acid
were purchased from Sigma-Aldrich (St. Louis, MO, U.S.A.). Human
liver microsomes (HLMs) were obtained from Bioreclamationivt Inc.
(Hicksville, NY, U.S.A.) and recombinant human CYPs provided by
Xenotech, LLC (Kansas City, KS, U.S.A.). α-Naphthoflavone,
trimethoprim, and quinidine were obtained from the Shanghai
Macklin Biochemical Co., Ltd. (Shanghai, China). Methoxsalen,
ticlopidine, and ketonazole were purchaed from Dalian Meilun
Biotechnology Co., Ltd. (Dalian, China). Sulfaphenazol was from
MedChemExpress LLC (Shanghai, China). The triglyceride (TG) kit
was purchased from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). TRIzol reagent for total RNA extraction was
obtained from Invitrogen (Carlsbad, CA, U.S.A.). Monoclonal rabbit
anti-SCD1 (2794S) and monoclonal rabbit anti-GAPDH (2118S)
were obtained from Cell Signaling Technology (Danvers, MA,
U.S.A.). HRP-conjugated Affinipure Goat Anti-Rabbit (SA0001-2)
was purchased from Proteintech Group (Manchester, U.K.). SCD1
inhibitor A939572 was obtained from Bide Pharmatech Ltd.
(Shanghai, China). AIN93 M purified diet and high-oleic acid diet
were sourced from Biotech HD Co., Ltd. (Beijing, China). All other
reagents and solvents were of the highest grade commercially
available.
Animal Experiment and Sample Collections. Male 20−22 g

wild-type C57BL/6J mice were purchased from the Kunming
Institute of Zoology, Chinese Academy of Sciences (Yunnan,
China). The mice were housed in cages at 23 ± 1 °C, with humidity
50−60% and a 12 h/12 h of light/dark cycle for at least 1 week. All
animal studies were performed under study procedures that were
preapproved by the Ethics Review Committee for Animal
Experimentation of the Kunming Institute of Botany, Chinese
Academy of Sciences.
Experiment 1. The toxicity of elemicin was evaluated in mice. Ten

mice were randomly divided into two groups (n = 5). One group was
orally administered by gavage 0.5% sodium carboxymethyl cellulose
(CMC-Na) solution as the vehicle control (defined as EC group), and
the other group was treated with 500 mg/kg of elemicin suspended in
0.5% CMC-Na, and defined as the E group. The dosage of elemicin
was optimized in a previous study.18 Treatment was conducted every
24 h for 3 weeks continuously. The whole blood was collected with an
anticoagulative tube by retro-orbital bleeding at 24 h after the last
treatment. Plasma samples were obtained by centrifugation of whole
blood at 2000g for 5 min at 4 °C. Mice were then killed by CO2
asphyxiation, and liver tissues were excised and weighed. The hepatic
index was calculated as Hepatic index = (liver weight/body weight) ×
100. A portion of liver was excised and preserved in 10% buffered
formalin for histological analysis, and the other part of liver tissue was
flash frozen in liquid nitrogen for qPCR and Western blot analysis.

Experiment 2. The toxicity of 1′-hydroxyelemicin was also assessed
using C57BL/6J mice. Total 12 mice were randomly divided into two
groups (n = 6). One group of mice were treated with 0.5% CMC-Na
as vehicle control (defined as E′C group), and the other group was
administered 100 mg/kg of 1′-hydroxyelemicin (defined as E′ group)
every 24 h for 3 days. After 24 h of the last treatment, plasma and liver
samples were collected and processed according to the experiment 1.

Experiment 3. A modified AIN93 M diet containing 20 g/kg oleic
acid (OA) and 20 g/kg soybean oil was used as the high-oleic acid
diet. An AIN93 M purified diet containing 40 g/kg soybean oil was
used as the control diet. All mice were acclimated to the AIN93 M
control diet at the beginning of the experiment. After 1 week, one
group of mice (defined as the OA+ E′ group, n = 4) received the high-
oleic acid diet for 3 days while the other two groups of mice (defined
as E′C or E′ group, n = 4, respectively) were fed the control diet
continuously. Then mice of OA + E′ and E′ group were orally treated
with 100 mg/kg of 1′-hydroxyelemicin for another 3 days, and the
mice of control group received 0.5% of CMC-Na as vehicle solvent.
After 24 h of the last treatment, plasma and liver samples were
collected and processed according to the experiment 1.

Experiment 4. C57BL/6J mice were randomly divided into 3
groups (E′C, E′ and A + E′ group, n = 4) for SCD1 suppression
experiment. A synthesized SCD1 inhibitor A939572 was dissolved in
a mixed solvent (DMSO/tween 80/saline = 1:2:97), and intra-
peritoneally injected twice a day at a dose of 10 mg/kg/day (defined
as A + E′ group). The mice in A + E′ and E′ groups received 100 mg/
kg of 1′-hydroxyelemicin orally every 24 h for 3 times after the first
dose of A939572 or vehicle solution. Then, 24 h after the last
treatment, plasma and liver samples were collected and processed
according to the experiment 1.

Experiment 5. the role of metabolic activation in the toxicity of
elemicin was evaluated. Fifteen mice were randomly divided into
three groups (EC, E and N + E group, n = 5). The CYP1A1/2
inhibitor alpha-naphthoflavone was dissolved in corn oil, and
intraperitoneally injected once a day at a dose of 80 mg/kg/day
(defined as A + E′ group). The mice in N + E and E groups received
500 mg/kg of elemicin orally every 24 h for 7 days after the first dose
of alpha-naphthoflavone or vehicle solution. Plasma and liver samples
were collected at 24 h after the last treatment, and processed
according to the experiment 1.

Experiment 6. Comparison of elemicin and 1′-hydroxyelemicin
toxicity at the same dose of 100 mg/kg for 3 days were tested in mice.
Fifteen mice were randomly divided into three groups (EC, E and E′
group, n = 5). EC group was administered 0.5% CMC-Na. E and E′
groups were treated with 100 mg/kg of elemicin and 1′-
hydroxyelemicin, respectively. Plasma and liver samples were
collected at 24 h after the last treatment.

Histological and Biochemical Analysis. Liver H&E staining
were carried out according to a previous report.19 The TG contents in
mouse plasma and liver were measured colorimetrically using a
commenrcial kit (Jiancheng Bioengineering Institute, Nanjing, China)
according to the venders manual.

UPLC-ESI-QTOFMS-Based Metabolomics Analysis. Samples
for UPLC-ESI-QTOFMS metabolomics analysis were prepared
according to a previous report.19 The endogenous metabolites were
extracted by adding 10 μL of plasma into 190 μL of 67% acetonitrile
containing the internal standard 5 μM chlorpropamide, and vortexed
for 1 min and the samples centrifuged at 18000g for 20 min at 4 °C.
The injection volume of supernatant was 5 μL for UPLC-ESI-
QTOFMS analysis. The working condition of the UPLC-ESI-
QTOFMS was the same as employed in a previous report.20

Endogenous metabolites were identified by searching the online
databases (METLIN and HMDB) and according to a previous
report.19 The abundance of GSH and GSSG in plasma was measured
by an LC-MS equipped with hydrophilic Hilic column. The
qualitative identification of GSH and GSSG was achieved by
comparing the chromatographic behavior and MS/MS with the
reference substances.

Detection of Reactive Metabolite-GSH Adduct in Vivo and
in Vitro. 1′-Hydroxyelemicin plus GSH adduct (C22H31N3O10S,
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observed [M + H]+ = 530.1684) was detected using UPLC-MS/MS.
1′-Hydroxyelemicin eluted at 5.28 min and was identified by a
characteristic MS/MS ion at m/z 225 (protonated1′-hydroxyelemicin
moiety corresponding to losses of GSH).
Two separate trapping experiments were in vitro conducted to

detect the 1′-hydroxyelemicin-GSH adduct. The incubation mixtures
were in a final volume of 200 μL PBS, containing 0.5 mg/mL of
MLMs, 50 μM of elemicin, and 1 mM of NADPH. Details for the

incubations were operated according to a published procedure.23 To
further confirm the chemically reactive activity of 1′-hydroxyelemicin,
incubation of synthesized 1′-hydroxyelemicin with 1 mM GSH in PBS
at room temperature for 40 min, without any addition of MLMs. The
resulting incubates were subjected to UPLC-MS/MS to measure the
formation of the elemicin-derived-GSH conjugate.

Gene Expression Analysis. Messenger RNA quantification was
performed by quantitative RT-PCR. The experimental detaiels are in

Figure 1. 1′-Hydroxyelemicin showed similar toxicity-induced by elemicin in mice. (A) Hepatic index after elemicin (E) and 1′-hydroxyelemicin
(E′) treatment. (B) Levels of plasma TG. (C) Levels of hepatic TG. (D) Levels of total reduced glutathione (GSH) and oxidized glutathione
(GSSG). (E) Histological results of mouse liver. *, p < 0.05, **, p < 0.01, ***, p < 0.001.
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Figure 2.Metabolomics analysis of plasma from elemicin- and 1′-hydroxyelemicin-treated mice. (A) Heat map analysis of the changed endogenous
metabolites after elemicin treatment. (B) Heat map analysis of the changed endogenous metabolites after 1′-hydroxyelemicin treatment. (C)
OPLS-DA model of plasma samples from vehicle group (EC) and elemicin-treated group (E). (D) Loading scatter plot of OPLS-DA model of EC
and E. (E) OPLS-DA model of plasma samples from vehicle group (E′C) and 1′-hydroxyelemicin-treated group (E′). (F) Loading scatter plot of
OPLS-DA model of E′C and E′. (G) Alteration of LPCs in mouse plasma after elemicin and 1′-hydroxyelemicin treatment. Metabolites
contributing to the separation of two groups were labeled. *, p < 0.05, **, p < 0.01.
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accordance with a previous report.19 The qPCR primer sequences are
listed in Table S1.
Western Blot Immunoassay. Fresh liver tissue was isolated and

homogenized in RIPA buffer supplemented with PMSF for whole
protein samples extraction according to the manufacturer’s
instructions. After completing cell lysis, the whole homogenate was
centrifuged at 12 000 rpm for 20 min. The concentration of total
protein was determined using the BCA Protein Assay kit. Then, 10 μg
of each protein sample was separated by 10% SDS-PAGE gel and
transferred to PVDF membranes using the Semi-Dry Trans-Blot
Turbo (Bio-Rad Laboratories, Hercules, CA, U.S.A.). The membranes
were washed with 0.5% Tween 20 in 1× Tris-buffered saline (TBS/T)
and blocked for 2.5 h at room temperature with blocking buffer.
Blocked membranes were incubated overnight at 4 °C with primary
antibodies, washed fore times for 10 min each in TBS/T and
incubated with the secondary antibody for 2 h at room temperature,
followed by detection using an ECL detection system according to the
manufacturer’s instructions.
Contribution of CYPs to Elemicin Metabolism. The in vitro

metabolism of elemicin was conducted in a 96 wells plate. The total
200 μL incubation system contained 50 μM of elemicin, 10 nmol/L of
each c-DNA-expressed CYPs (including control protein, CYP1A1,
CYP1A2, CYP1B1, CYP2A6, CYP2B6, CYP2C19, CYP2C8,
CYP2C9, CYP2D6, CYP2E1, CYP3A4, CYP3A5, and CYP4A11)
and 1 mM of NADPH (final concentration) in phosphate buffer saline
(pH 7.4). The incubation process and sample preparation of CYPs
were consistent with the previous report.20 All incubations were
conducted in triplicate.
In addition, the inhibition study was performed by using pooled

mouse liver microsomes (MLMs). The incubation systems contained
(final concentration) 0.5 mg/mL protein, 50 μM of elemicin, 1 mM
NADPH and each inhibitor in total volume of 200 μL (PBS system,
pH 7.4). The chemical inhibitors in acetonitrile were added as
follows: α-naphthoflavone (1 μM for CYP1A1/2), methoxsalen (20
μM for CYP2A6), ticlopidine (100 μM for CYP2B6 and 2C19),
trimethoprim (100 μM for CYP2C8), sulfaphenazole (20 μM for
CYP2C9), quinidine (5 μM for CYP2D6), 4-methylpyrazole (100 μM
for CYP2E1), and ketoconazole (10 μM for CYP3A4). The
concentrations of inhibitors were determined according to previous
reports.21,22 After preincubation of MLMs with each inhibitor for 5
min, a final concentration of 50 μM elemicin was added to the
incubations. The reactions were terminated after 40 min by adding
200 μL of ice-cold acetonitrile. Samples for UPLC-ESI-QTOFMS
analysis were prepared, according to the description above.
To calculate the Vmax and Km values of CYPs for catalyzing 1′-

hydroxylation of elemicin, human recombinant CYP1A1, CYP1A2,
CYP2A6, CYP2C19, and CYP3A4 were separately incubated with
elemicin ranging from 0 to 300−500 μM in triplicates. Production of
1′-hydroxyelemicin was quantified by UPLC-ESI-QTOFMS using a
standard curve of the pure compound. Kinetic constants for the
metabolic conversions of elemicin was derived by fitting the data to
the standard Michaelis−Menten equation, v = Vmax × [S]/Km+[S].
The in vitro catalytic efficiency was calculated as 1000 μL × Vmax/Km.
Prediction of the Affinities of Elemicin by Molecular

Docking. Molecular Operating Environment 2014 (MOE, version
2014.11; Chemical Computing Group Inc., Montreal, QC, Canada)
was used for molecular docking to elucidate the affinities between
elemicin and human CYP isomers. The standard two-dimensional
structure of ligand (elemicin) was drew in Chem Bio Draw 12.0
software. The crystal structure of receptors included CYP 1A1 (PDB
ID: 4i8v, resolution: 2.6 Å), 1A2 (PDB ID: 2hi4, resolution: 1.95 Å),
2A6 (PDB ID: 1z11, resolution: 2.05 Å), 2C19 (PDB ID: 4gqs,
resolution: 2.87 Å), and 3A4 (PDB ID: 4NY4, resolution: 2.95 Å),
was obtained from the protein data bank. The residue process were
consistent with the previous report.23

Statistical Analysis. All data were presented as mean ± SEM.
Statistical analysis was performed using GraphPad Prism vision 6.01
(GraphPad Software, San Diego, CA, U.S.A.). p < 0.05 was
determined as the significant differences.

■ RESULTS

Elemicin and Its Reactive Metabolite of 1′-Hydrox-
yelemicin Induced Hepatotoxicity. Compared with the
control group, liver weights were increased after oral
administration of elemicin for 3 weeks (Figure 1A), with no
significant changes in serum ALT (Figure S1). TG levels in
plasma and liver were significantly elevated in mice treated
with elemicin (Figure 1B,C), while the total plasma GSH and
GSSG were reduced (Figure 1D), suggesting that elemicin
exposure for 3 weeks impaired liver function. Similarly, liver
weights and plasma and liver TG in 1′-hydroxyelemicin-treated
mice were higher than those in control vehicle-treated mice.
The total GSH and GSSG levels were also reduced in mice by
1′-hydroxyelemicin treatment. Histopathological analysis of
hepatic tissue revealed normal gross histology in the control
group while the elemicin- and 1′-hydroxyelemicin-treated
groups exhibited cytoplasmic pale staining, hepatocyte swelling
and the cytoplasm seemed abnormal around the central vein
(Figure 1E). The observed hepatomegaly was likely due to
microsteatosis. These results demonstrated that the enlarged
the liver size after elemicin treatment is due in part to
expansion of hepatocyte volume and increase in hepatic TG.
Additionally, the liver index in 100 mg/kg 1′-hydroxyelemicin
treatment was higher than that found with the same dose of
elemicin, suggesting a higher toxicity of 1′-hydroxyelemicin
compared to elemicin (Figure S2).

1′-Hydroxyelemicin Was Conjugated with GSH. 1′-
Hydroxyelemicin plus its GSH adduct were initially observed
in the urine after treatment with 100 mg/kg 1′-hydroxyelemi-
cin, suggesting a role of GSH in the elemicin-induced toxicity
following metabolic-activation. In vitro capture reactions in
MLMs, incubation with 1′-hydroxyelemicin and GSH
generated an electrophilic intermediate of elemicin (Figure
S3A). To determine the chemical characteristics of 1′-
hydroxyelemicin, spontaneous binding reaction was found
between 1′-hydroxyelemicin and GSH (Figure S3B). These
results demonstrated that 1′-hydroxyelemicin was the key
reactive metabolite of elemicin, and could covalent bind with
GSH, which corresponded to the exhaustion of GSH and
GSSH in plasma in elemicin-treated mice.

Metabolomics Revealed Inhibition of SCD1 by
Elemicin and 1′-Hydroxyelemicin. Endogenous metabo-
lites that were changed by elemicin and 1′-hydroxyelemicin
were analyzed using a UPLC-ESI-QTOFMS-based metabolo-
mics approach. Clustering analysis showed that the levels of
various endogenous metabolites in plasma were significantly
altered by elemicin or 1′-hydroxyelemicin, including phospho-
lipids, acylcarnitines and some intestinal flora-derived metab-
olites (Figure 2A,B). Orthogonal partial least-squares-discrim-
inate analysis (OPLS-DA) demonstrated that the plasma
sample data set from control group (EC) and elemicin group
(E), or control group (E′C) and 1′-hydroxyelemicin group
(E′) were clearly separated (Figure 2C,E). In addition, the
primary ions contributing to separation of elemicin and the
vehicle-treated control group, as well as the 1′-hydroxyelemi-
cin-treated and its control group, were identified as
lysophosphatidylcholines (LPCs; Figure 4D,F). The relative
abundance of these metabolites was normalized to internal
standards. The saturated LPC (18:0-LPC) was significantly
increased in the elemicin-treated mouse plasma, while
unsaturated LPCs, including 18:1-LPC, 18:2-LPC, 16:1-LPC,
and 20:4-LPC, were obviously reduced, compared with the
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control group. (Figure 2G). Similarly, the levels of 16:1-LPC,
18:1-LPC, and 20:4-LPC were decreased significantly in 1′-
hydroxyelemicin-treated mouse plasma. The level of 18:0-LPC
was slightly increased without statistical significance. The
structural characterization of LPCs was performed, according
to a previous report19 and displayed in Table S2 and Figure S4.
Further, the levels of mRNAs associated with LPC

biosynthesis, metabolism and hydrolysis did not show
significant changes by elemicin or 1′-hydroxyelemicin treat-
ment, including Chpt1, Pcyt1a, Chka, Chkb, Lpcat1, Lpcat2, and
Lypla1 (Figure S5). However, the ratios of oleayl-LPC (18:1-
LPC) to oleoyl-LPC (18:0-LPC), palmitoleoyl-LPC (16:1-
LPC) to palmitoyl-LPC (16:0-LPC) in both the elemicin- and
1′-hydroxyelemicin-treated mouse plasma were dramatically
reduced, compared to the control mouse group (Figure 3A).
SCD1 is an endoplasmic reticulum (ER) enzyme, responsible
for the synthesis of oleic acid (C18:1) and palmitoleic acid
(C16:1) from stearic acid (C18:0) and palmitic acid (C16:0)
by desaturation, respectively.24 The mRNA levels of Scd1 were
clearly decreased in the elemicin and 1′-hydroxyelemicin-
treated mouse liver, compared to the control mice (Figure 3B).
Moreover, Western blot analysis also revealed that SCD1 was
decreased by both elemicin and 1′-hydroxyelemicin exposure
(Figure 3C). These data demonstrated that elemicin and 1′-
hydroxyelemicin treatment could inhibit liver SCD1, leading to
a disequilibrium of LPCs.
Role of SCD1 in 1′-Hydroxyelemicin-Induced Tox-

icity. To determine the role of SCD1 in 1′-hydroxyelemicin-
induced toxicity, the response of mice on a high-oleic acid
(SCD1 substrate) diet to 1′-hydroxyelemicin treatment was
investigated. TG content in plasma of high-oleic acid-fed mice
recovered to normal levels, compared to 1′-hydroxyelemicin-
treated mice (Figure 4A). However, the hepatic TG content
and liver size in high oleic acid-fed mice were still higher than
that of control mice (Figure S6A,B).

As expected, high-oleic acid feeding ameliorated the
decrease of 16:1-LPC, 18:1-LPC, and 18:2-LPC levels in
mouse plasma (Figure 4B). The ratios of 18:1-LPC to 18:0-
LPC, 16:1-LPC to 16:0-LPC in high-oleic acid-fed mouse
plasma were also increased to normal level (Figure 4C). These
results demonstrated that oleic acid supplemental diet could
alleviate the 1′-hydroxyelemicin-induced LPCs metabolic
disorder. In contrast, the effect of the SCD1 inhibitor
A939572 on 1′-hydroxyelemicin- induced liver toxicity
revealed that liver size was slightly increased in the 1′-
hydroxyelemicin group and A939572 plus 1′-hydroxyelemicin-
treated group, but there were no significant differences
between the two groups (Figure S2C). Western blot analysis
demonstrated that SCD1 expression in the A + E′ group was
significantly decreased (Figure 5A). TG levels in both plasma,
and liver size of the A + E′ group, were markedly elevated,
compared to that of the E′ group (Figure 5B and 5C). The
levels of monounsaturated-LPCs in mouse plasma were further
decreased in the A + E′ group (Figure 5D). The ratio of
unsaturated-LPCs to saturated-LPCs was significantly reduced
in the A + E′ group compared to the E′ group (Figure 5E).
These results revealed that SCD1 inhibition could exacerbate
the 1′-hydroxyelemicin- induced LPCs metabolic disorder.

Metabolic Activation of Elemicin by CYPs. To clarify
the role of various metabolic enzymes in the formation of 1′-
hydroxyelemicin, individual recombinant human CYPs were
incubated with elemicin. Among the tested enzymes, CYP1A1
exhibited the strongest catalytic activity toward 1′-hydrox-
yelemicin generation; the proportion of 1′-hydroxyelemicin
generated by CYP1A1 was 48%, while fo CYP1A2 generated
13% of 1′-hydroxyelemicin and CYP2C19 generated 9.0% of
1′-hydroxyelemicin (Figure 6B). In addition, the percentage
inhibitory effects of the different CYP chemical inhibitors
revealed that the CYP1A1/2 inhibitor α-naphthoflavone,
CYP2A6 inhibitor methoxsalen, CYP2C19 inhibitor ticlopi-

Figure 3. SCD1 was suppressed by elemicin (E) and 1′-hydroxyelemicin (E′). (A) Ratios of monounsaturated-LPCs to saturated-LPCs. (B)
Relative mRNA expression of hepatic Scd1 gene by qPCR. (C) Western blot analysis of SCD1. *, p < 0.05, **, p < 0.01, ***, p < 0.001.
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dine and CYP3A4/5 inhibitor ketoconazole showed relative
higher inhibitory effects against 1′-hydroxyelemicin generation
(Figure 6C).
Furthermore, the kinetic parameters of CYP1A1, CYP1A2,

CYP2A6, CYP2C19, and CYP3A4 were measured. CYP1A1
exhibited high catalytic activity toward 1′-hydroxyelemicin
generation (Figure S7A,B). The Vmax, Km, and Vmax/Km
(catalytic efficiency) derived from the kinetic study revealed
that CYP1A1 exhibited the maximum Vmax value (1.80 ± 0.045
nmol • min−1 • nmol • CYP−1) and the minimum Km value
(12.9 ± 1.26 μM), resulting in the highest catalytic efficiency
(140 μL min−1 nmol CYP−1; Table 1). In vitro experiment
demonstrated CYP1A1 showed the highest catalytic activity
toward 1′-hydroxyelemicin biotransformation, followed by
CYP1A2 and CYP2C19. However, in untreated mice,
CYP1A1 is expressed at very low levels in liver, while
CYP1A2 is constitutively highly expressed in liver (4%).
Taken together, CYP1A1 and CYP1A2 were considered as the
major active enzymes for the formation of 1′-hydroxyelemicin
in vitro and in vivo.
In order to verify the role of metabolic activation involved in

elemicin induced hepatotoxicity, comparison of 1′-hydrox-
yelemicin- and elemicin-induced hepatotoxicity were per-
formed at the same dose (100 mg/kg). 1′-Hydroxyelemicin
treatment led to hepatomegaly, while, elemicin treatment did

not result in hepatomegaly. These findings indicated reactive
1′-hydroxyelemicin showed higher hepatotoxicity than ele-
micin. In addition, the role of CYP1A inhibition in
hepatotoxicity was performed in vivo. The CYP1A2 inhibitor
alpha-naphthoflavone could significantly alleviate elemicin-
induced hepatomegaly (Figure 8A). The ratios of 18:1-LPC/
18:0-LPC and 16:1-LPC/16:0-LPC were increased in α-
naphthoflavone and elemicin administered mice (Figure 8B),
compared with elemicin treatment.

Molecular Docking of Elemicin into the Active Cavity
of CYPs. In order to further validate the role of CYP enzymes
in the metabolic activation of elemicin, the model of molecular
docking was performed. The results indicated that the
structure of elemicin can enter the active cavity of CYP1A1,
CYP1A2, CYP2A6, CYP2C19, and CYP3A4 (Figures 7 and
S8). In the docking of CYP1A1, elemicin could conjugate with
CYP1A1 through two bonds; arene-hydrogen with the residue
of Ala317 and side donor with the residue of Ser122 was
discovered. Methyl and ethene moiety of elemicin can be well
exposed in the active cavity of CYP1A1 (Figure 7A). In
addition, elemicin could bind with Cys458 in the CYP1A2
active site via one arene-hydrogen bond (Figure 7B). Similarly,
elemicin can bind with the Leu370 and Cys435 in CYP2A6
and CYP2C19 active site pockets, respectively, with the
methyls of elemicin exposed (Figure 7C,D and Table 2). Only

Figure 4. Oleic acid supplementary diet alleviated the metabolic disorder caused by 1′-hydroxyelemicin (E′). (A) Oleic acid reduced the TG
content in mouse plasma. (B) Oleic acid supplementary diet recovered monounsaturated contents in mouse plasma. (C) The reduced ratio of
monounsaturated-LPCs to saturated-LPCs balanced by oleic acid. *, p < 0.05 as compared to E′C group, **, p < 0.01 as compared to E′C group, #,
p < 0.05 as compared to E′ group and ###, p < 0.001 as compared to E′ group.
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the ligand exposure in elemicin was observed in the binding
mode of CYP3A4 (Figure 7E). The number of hydrogen bond
between donor and acceptors demonstrated that CYP 1A1
exhibited stronger interaction with elemicin than the other
CYPs (Table S3). Overall, CYP1A1 show the strongest affinity
toward elemicin in silico.

■ DISCUSSION
In the present study, the potential hepatotoxicity of a three-
week elemicin administration was evaluated in mice. Elemicin
exposure at the dose of 500 mg/kg induced liver enlargement
and increased serum and hepatic TG. GSH and GSSG were
significantly decreased by elemicin, suggesting the metabolic
production of an electrophilic metabolite. Similarly, its reactive
1′-hydroxyelemicin also caused the increased liver size and
depletion of GSH and GSSG. When GSH was trapped with

reactive metabolites, the total levels of GSH [GSH + GSSG]
were decreased in a previous study.25 The enlargement of
hepatocytes was primarily observed around the central vein
following elemicin and 1′-hydroxyelemicin treatment. Hep-
atomegaly is usually accompanied by a disorder of lipid
metabolism.26 Further study found that both elemicin and 1′-
hydroxyelemicin treatment could inhibit the expression of
SCD1 in liver, suggesting lipid dysregulation induced by
elemicin and 1′-hydroxyelemicin (Figure 8).
UPLC-MS metabolomics analysis revealed that the meta-

bolic balance of saturated LPCs and monounsaturated LPCs
was disturbed in serum by both elemicin and 1′-hydrox-
yelemicin treatment. LPCs are phosphatide, which are the
major lipid species in serum and have many important
physiological functions.27 The principal lipotoxic saturated
fatty acids (SFA) in the liver are palmitic acid (C16:0) and

Figure 5. SCD1 inhibitor A939572 exacerbated the toxicity of 1′-hydroxyelemicin (E′). (A) Western blot analysis of SCD1. (B) A939572
significantly elevated TG content in mouse plasma after 1′-hydroxyelemicin treatment. (C) A939572 significantly elevated TG content in mouse
liver after 1′-hydroxyelemicin treatment. (D) A939572 reduced monounsaturated-LPCs contents in mouse plasma. (E) Ratios of
monounsaturated-LPCs to saturated-LPCs were reduced by A939572. *, p < 0.05 as compared to E′C group, **, p < 0.01 as compared to
E′C group, #, p < 0.05 as compared to E′, group, ##, p < 0.01 as compared to E′ group and ###, p < 0.001 as compared to E′ group.
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stearic acid (C18:0), which can be transformed into the less
lipotoxic monounsaturated fatty acids (MUFA) palmitoleate
acid (C16:1) and oleate acid (C18:1). It was reported that the
proportion of stearic acid and oleic acid could affect the growth
and differentiation of cells through regulating the fluidity of
biomembranes and the signal transduction process.28

The double bond in SFA is catalyzed by hepatic lipogenic
rate-limiting enzymes SCD1, which is a key regulator of SFA
and MUFA.29,30 Since the liver is a principal organ for LPCs
biosynthesis, the disorder of LPCs metabolism was ascribed to
the inhibition of Scd1 expression in liver. It is known that
hepatic SCD1 abnormality is associated with hepatic steatosis,
and SCD1 negatively correlated with inflammation via
controlling the homeostasis of MUFA and SFA. In particular,
inhibition of SCD1 aggravated responses to exogenous pro-
inflammatory challenges in acute colitis.31 Moreover, accumu-
lation of SFA in Scd1-null mice enhanced inflammation via
TLR4 signaling and promote atherosclerosis,32 and loss of
SCD1 attenuated adipose tissue inflammation,33 suggesting
that its expression was closely related to the formation and
development of inflammation. As expected, the hepatic
expression of the Scd1 mRNA and SCD1 protein were
inhibited by elemicin and 1′-hydroxyelemicin. Downregulation
of Scd1was also observed in the binge ethanol-induced
steatosis and hepatotoxicity.34 A previous study demonstrated

that SCD1 deficiency may lead to hepatic overaccumulation of
lipids in nonalcoholic fatty liver disease,24 indicating that TG
accumulation might be induced by SCD1 inhibition. A
previous study reported that the ratios of saturated-LPCs to
monounsaturated-LPCs in mouse serum were decreased in the
dextran sulfate sodium (DSS)-induced acute experimental
colitis model, accompanied by Scd1 suppression.31 Here,
further studies revealed that an oleic acid supplementary diet
could recover the homeostasis of the LPCs metabolism and
decrease plasma TG content. In contrast, the SCD1 inhibitor
(A939572) exacerbated the increase of TG in plasma and liver
by 1′-hydroxyelemicin and reduced proportion of unsaturated-
LPCs. Therefore, the suppression of SCD1 may be responsible
for liver toxicity of elemicin and 1′-hydroxyelemicin.
Many xenobiotics are converted to potential toxicants by

transformation into reactive metabolites, resulting in hepato-
toxicity and genotoxicity.35 In particular, the hydroxylation of
alkenylbenzenes at the 1′-position of the allyl side chain plays a
crucial role in the formation of their genotoxicity,11 which can
be catalyzed and regulated by multiple CYPs. A previous study
revealed that, in comparison with myristicin, 1′-hydroxymyr-
isticin exhibited more significant genotoxicity and cytotox-
icity.16 1′-Hydroxyelemicin can cause more hepatomegaly than
elemicin at a dose of 100 mg/kg in this study, which was in
agreement with the finding that metabolic activation enhances

Figure 6. Determination of CYPS contributed to metabolic activation of elemicin. (A) Roles of CYPs in the formation of 1′-hydroxyelemicin. (B)
Inhibitory effects of specific P450 inhibitors on the formation of 1′-hydroxyelemicin in MLMs incubations.

Table 1. Kinetic Constants of Recombined Human P450s for Elemicin Metabolism

enzyme Vmax (nmol min−1 nmol P450−1)a Km (μM)a in vitro catalytic efficiency (μL min−1 nmol P450−1)b

CYP1A1 1.804 ± 0.045 12.880 ± 1.265 140.062
CYP1A2 0.402 ± 0.021 15.850 ± 3.067 25.363
CYP2A6 0.524 ± 0.110 1007.000 ± 293.000 0.520
CYP2C19 0.475 ± 0.012 43.430 ± 3.613 10.933
CYP3A4 0.262 ± 0.026 196.700 ± 46.190 1.332

aMean values of three independent measurements ± SD. bIn vitro catalytic efficiency = Vmax/Km × 1000 μL.
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its toxicity in cells.16 The biotransformation of relatively inert
chemicals into highly reactive intermediary metabolites, which
can bind with GSH, nucleic acid and protein,36 which is an
initial event in many chemically induced toxicities. In this
study, 1′-hydroxyelemicin also exhibited high reactivity leading

to nonenzymatic capture with GSH, and formation of a GSH
adduct.
It is well-known that phase I metabolic enzymes catalyze the

bioactivation of xenobiotics. It was reported that CYP1A2 was
the main enzyme responsible for the bioactivation of

Figure 7. Molecular docking of elemicin with CYPs active cavity. (A) The docking conformation of elemicin into the active pockets of CYP1A1
and the diagrammatic sketch of interaction between elemicin and the amino acid residues of CYP1A1 pocket. (B) The docking conformation of
elemicin into the active pockets of CYP1A2 and the diagrammatic sketch of interaction between elemicin and the amino acid residues of CYP1A2
pocket. Blue structure represents elemicin, and red structure represents endogenous ligand ferroheme of CYPs.

Figure 8. CYP1A2 inhibitor α-naphthoflavone can attenuate the susceptibility of mice to hepatomegaly of elemicin. (A) α-Naphthoflavone reduced
elemicin induced hepatomegaly. (B) Ratio of monounsaturated-LPCs to saturated-LPCs.
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methyleugenol.37,38 CYP1A2 and CYP2A6 were identified as
the major enzymes involving in the bioactivation of estragole.11

Herein, recombinant human CYPs revealed that CYP1A1 and
CYP1A2 contributed to the formation of 1′-hydroxyelemicin in
vitro. Among the tested CYPs, CYP1A1 possessed the
minimum Km value, while CYP2A6 had the highest Km value
of 100 μM. By comparing with Vmax/Km rate of different CYPs,
CYP1A1 showed most potent catalytic capability toward
formation of 1′-hydroxyelemicin in vitro, followed by
CYP1A2. Molecular docking of CYPs also revealed that
CYP1A1 showed the strongest affinity with elemicin.
Generally, CYP1A1 is not significantly expressed in liver of
untreated mice and humans. Therefore, CYP1A2 is likely the
major CYP contributing to the metabolic activation of elemicin
in untreated mouse liver, which were also confirmed by
CYP1A inhibition in vivo. The CYP1A2 inhibitor α-
naphthoflavone could attenuate elemicin-induced hepatome-
galy and metabolic disorder of lipids by inhibition of metabolic
activation of elemicin, particularly in livers of mice exposed to
ligands for the aryl-hydrocarbon receptor that induces
expression of both CYP1A1 and CYP1A2.
In summary, the naturally occurring compound elemicin

could induce the increased liver size. It was demonstrated that
the inhibition of SCD1 was responsible in part for elemicin
toxicity, and CYP1A1 and CYP1A2 likely contributed to the
generation of 1′-hydroxyelemicin from elemicin. The potential
liver toxicity of elemicin should be monitored if excessive
consumption of foods and herbs rich in elemicin.
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