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Abstract

The roots of Angelica sinensis (Oliv.), Diels (Dang Gui; Apiaceae) have a long history in traditional
Chinese medicine as aremedy for women's disorders, and are often called “lady’s ginseng”. Currently,
extracts of A. sinensis are commonly included in numerous dietary supplements used for women's
health and as anti-aging products. In the present study, we examined the potential chemopreventive
activity of A. sinensis extracts by measuring the relative ability to induce the detoxification enzyme,
NAD(P)H:quinone oxidoreductase 1 (NQO1). The lipophilic partitions showed strong NQO1
induction with concentrations to double the enzyme activity (CD) of 5.5 + 0.7 ug/mL (petroleum
ether) and 3.9 + 0.5 pg/mL (chloroform). Fractionation led to the isolation of phenolic esters and
alkylphthalides, especially Z-ligustilide, the main lipophilic compound, which showed strong NQO1
inducing properties (CD = 6.9 + 1.9 uM). Transcription of many detoxifying enzymes is regulated
through the antioxidant response element (ARE) and its transcription factor Nrf2, which is repressed
under basal conditions by Keapl. However, exposure to electrophilic inducers that alkylate Keapl
results in a higher concentrations of free Nrf2 and ARE activation. The ARE reporter activity was
therefore analyzed in HepG2-ARE-C8 cells after incubation with lipophilic extracts of A. sinensis
or ligustilide for 24 h. Under these conditions, both the extract and ligustilide increased ARE-
luciferase reporter activity in a dose-dependent manner. Incubation of ligustilide with GSH and
subsequent LC-MS-MS analysis revealed that ligustilide as well as oxidized ligustilide species
covalently modified GSH. In addition, using MALDI-TOF mass spectrometry and LC-MS-MS, it
was demonstrated that the lipophilic extracts, ligustilide, and monooxygenated ligustilide alkylated
important cysteine residues in human Keapl protein, thus activating Nrf2 and transcription of ARE
regulated genes. These observations suggest that A. sinensis dietary supplements standardized to
ligustilide have potential as chemopreventive agents through induction of detoxification enzymes.
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Introduction

The dried roots of Angelica sinensis (Oliv.) Diels, Apiaceae (Dong Quai or Dang Gui) have
been used for centuries as “women's tonic” especially for alleviating menstrual disorders or
menopausal symptoms in Asia (1-7). Recently, pharmacological research has focused on
elucidating the antioxidative, cancer preventive, and overall oxidative stress reducing
properties of A. sinensis (3,8). For example, it has been reported that lipophilic extracts as well
as n-butylidenephthalide isolated from the chloroform extract exert antiproliferative effects on
tumor cells in vitro and in vivo (9-12). In addition, recent data revealed that Z-ligustilide, the
major lipophilic constituent in A. sinensis, reduces oxidative stress in brain tissue possibly
through increasing antioxidative enzymes, such as glutathione peroxidase and superoxide
dismutase, and reducing apoptotic markers (6,13). It has also been demonstrated that A.
sinensis can protect cardiomyocytes against oxidant injury by increasing cellular GSH,
suggesting a cardioprotective effect (14). These activities indicate that A. sinensis can reduce
cellular oxidative stress, which can be useful in the prevention of cancer as well as neuro- and
cardiovascular diseases. However, the mechanism by which A. sinensis exerts
chemopreventive activity has not been elucidated.

To survive under a variety of environmental or intracellular stresses, eukaryotic cells have
developed cellular defensive systems to protect themselves from oxidative or electrophilic
challenges (15). The removal of reactive electrophiles causing oxidative stress or initiating
carcinogenic processes can be accomplished by detoxification enzymes which eliminate
electrophiles by reduction or conjugation to make them less reactive or facilitate their excretion
(16). As a result, the induction of detoxification enzymes, including NAD(P)H: quinone
oxidoreductase 1 (NQOL) and glutathione-S-transferase (GST), by natural agents is important
for cancer prevention and for cytoprotection in general (17,18). Many of these detoxifying
enzymes are coordinately regulated through the antioxidant response element (ARE), which
is mainly controlled by two proteins, Keapl and Nrf2 (19,20). Keapl is a cysteine rich,
cytosolic inhibitor of Nrf2, which is a transcriptional activator of ARE regulated genes (21).
One hypothesis of enzyme induction suggests that electrophilic species can alkylate cysteine
residues in Keapl (22) resulting in higher levels of Nrf2 in the nucleus, where it binds to the
5’-upstream regulatory ARE regions of detoxification genes and accelerates their transcription
(Scheme 1) (17,20,23). For example, sulforaphane isolated from broccoli (Brassica spp.) is an
example of a potent inducer of Nrf2-ARE regulated detoxification enzymes including NQO1
that has demonstrated anticarcinogenic properties as well as cardio- and neurovascular
protection in vivo (24-28). Furthermore, various natural and synthetic compounds with an
a,B-unsaturated ketone functionality have been shown to alkylate cysteines in Keapl resulting
in NQOL1 induction (29-32).

The characteristic constituents of A. sinensis are various alkylphthalides with Z-ligustilide as
the major representative of this class of Apiaceaous phytoconstituents (Figure 1) (33).
Ligustilide accounts for 45—60% of the volatile oil and occurs at a total concentration of ~12
mg/g root (34-36). Dihydrophthalides, such as ligustilide, have an a,(,y,8 -unsaturated lactone
moiety with a cross-conjugated alkene system and, therefore, contain multiple Michael reactive
sites (33). It has been shown that thiol nucleophiles react slowly with the 3,8-ene by 1,6-
Michael addition (37).

Since the non-aromatic phthalides are known to be weak electrophiles and, therefore, have the
potential to react with sulfhydryl groups, such as in Keapl, extracts of A. sinensis might induce
detoxification enzymes and hence prevent cellular oxidative stress. On the basis of this
information, the cytoprotective potential of A. sinensis and its underlying mechanism was
analyzed in detail.
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Material and Methods

Materials

All chemicals and reagents were obtained from Fisher Scientific (Hanover Park, IL) or Sigma-
Aldrich (St. Louis, MO), unless stated otherwise. Cell culture media and supplements were
obtained from Invitrogen (Carlsbad, CA). Trypsin was purchased from Pierce (Milwaukee,
WI). Recombinant Keapl protein was a generous gift from Dr. Aimee L. Eggler and Dr.
Andrew D. Mesecar (University of Illinois at Chicago). Dried roots of Angelica sinensis (Oliv.)
diels were purchased from Kiu Shun Trading Ltd. (Vancouver, Canada) in 2000, and identified
using a series of comparative macroscopic, microscopic, TLC, HPLC, and PCR analysis with
A. sinensis reference plant materials obtained from the National Institute for the Control of
Pharmaceutical and Biological Products of China, Beijing, People's Republic of China (Lot #
927-200110) (1).

Extraction and isolation

The milled roots (8.0 kg) of A. sinensis were macerated in 20 L of methanol for 24 h and then
percolated exhaustively with the same solvent (total 40 L). The chloroform, petroleum ether,
n-BuOH, and water partitions were obtained as described by Deng et al. (1). The two active
fractions, the chloroform and petroleum ether partition, were combined and then fractionated
by flash column chromatography with subsequent vacuum liquid chromatography and semi-
preparative HPLC. The detailed isolation steps and characterization of the tested compounds
were described previously (1). The purity of the compounds was assessed by GC-MS and
NMR. Freshly isolated ligustilide showed a purity (GC-MS) of 98.6%, which degraded in dry
state over 24 h at room temperature to 58.1% (38). For all experiments except for these
degradation studies, degradation of ligustilide 1 was avoided by storing it at —80 °C and in
organic solution (hexane/EtOAC, 9:1). Because ligustilide and its alkylphthalides were
enriched in the petroleum ether partition, the following experiments were performed with this
partition, if not otherwise specified. According to GC-MS TIC experiments the petroleum ether
partition contained 5—8% ligustilide.

Cell culture conditions

DPPH assay

Hepalclc7 murine hepatoma cells were supplied by Dr. J. P. Whitlock, Jr. (Stanford
University, Stanford, CA). Cells were maintained in a-minimum essential medium (MEME)
supplemented with 1% penicillin-streptomycin, 10% fetal bovine serum (Atlanta Biologicals,
Atlanta, GA), and incubated in 5% CO, at 37 °C. HepG2 cells stably transfected with ARE
luciferase reporter (HepG2-ARE-C8) were kindly provided by Dr. A.N. Tony Kong (Rutgers
University, Piscataway, NJ). Cells were grown in modified F-12 medium supplemented with
10% fetal bovine serum, 1.7 g/L sodium bicarbonate, 100 units/mL penicillin, 100 pg/mL
streptomyecin, essential amino acids, and insulin.

Reaction mixtures containing test samples (5 pL dissolved in DMSO or water) and 95 pL of
a 200 uM 1,1-diphenyl-2-picrylhydrazyl (DPPH) ethanolic solution were incubated at 37 °C
for 20 min in 96-well microtiter plates (39). Absorbance of the free radical DPPH was measured
at 515 nm with an ELISA reader (Power Wave 200 Microplate Scanning Spectrophotometer,
Bio-Tek Instrument, Winooski, VT), and the percent inhibition was determined by comparison
with DMSO treated control groups. Each pure compound was screened at a concentration of
100 uM and the A. sinensis extracts at 100 pg/mL. Results represent the average + SD of three
determinations.
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In vitro NQO1 assay

Induction of NQO1 activity was assessed using Hepa-1c1c7 murine hepatoma cells as
described previously with minor modifications (40,41). Briefly, Hepa-Iclc7 cells were seeded
in 96-well plates at a density of 1.25 x 10* cells/mL in 190 uL media. This cell concentration
ensured that the cells reached 70—80% confluency until the end of the incubation period. After
24 h incubation, test samples were added to each well and the cells incubated for an additional
48 h. These incubation times have previously been shown to give the highest NQO1 induction
results (40,41). The medium was decanted and the cells incubated at 37 °C for 10 min with 50
pL of 0.8% digitonin and 2 mM EDTA solution (pH 7.8). Next, the plates were agitated on an
orbital shaker (100 rpm) for 10 min at room temperature, and then 200 pL of reaction mixture
(bovine serum albumin, 3-(4,5-dimethylthiazo-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
25 mM Tris-HCI, 0.01% Tween 20, 5 uM FAD, 1 mM glucose-6-phosphate, 30 uM NADP,
glucose-6-phosphate dehydrogenase 2 units/mL, and 50 uM menadione) were added to each
well. After 5 min, the plates were scanned at 595 nm. The specific activity of NQO1 was
determined by measuring NADPH-dependent menadione-mediated reduction of MTT to form
blue formazan. The resulting enzyme activity was divided by the protein concentration, which
was determined by crystal violet staining on a separate plate at the same time. Induction of
NQO1 activity was calculated by comparing the NQOL1 specific activity of sample treated cells
with that of solvent-treated cells. CD values represent the concentration required to double
NQO1 induction. The chemopreventive index (CI) was then calculated, which is an indexing
value generated by dividing the 1Csq by the CD value for a particular compound or extract
(IC5¢/CD) (29).

Cytotoxicity assay

Cells were plated and treated as described for the NQOL1 assay. After the cells were treated
with test samples for 48 h, the medium was decanted, and 200 pL of 0.2% crystal violet (CV)
solution in 2% ethanol was added. After 10 min, the plates were rinsed for 2 min with water
and dried. The bound dye was solubilized by incubation at 37 °C for 1 h with 200 uL of 0.5%
SDS in 50% ethanol. The absorption of crystal violet was measured at 595 nm, and the ICs
values were determined.

ARE-luciferase activity assay

HepG2-ARE-C8 cells were plated in six-well plates at a density of 1 x 10° cells/mL and
incubated overnight (42). Cells were either stimulated with different concentrations of
ligustilide or 4’-bromoflavone (BF, positive control, 664 nM) or with DMSO as negative
control. After 24 h treatment, the luciferase activity was determined according to the protocol
provided by the manufacturer (Promega, Madison, WI). Briefly, cells were washed with cold
PBS and harvested in passive lysis buffer. After centrifugation, 20 uL of the supernatant was
used for determining luciferase activity, which was measured by a luminometer (FLUOSstar
OPTIMA, BMG Labtechnologies, Offenburg, Germany). Luciferase activity was normalized
to protein concentration using the BCA (bicinchoninic acid) protein assay (Pierce, Rockford,
IL). The data were obtained from three separate experiments and expressed as fold-induction
over control (treated cellssDMSO treated cells £ SD).

LC-MS-MS analysis of GSH conjugates

The A. sinensis partition (100 pg/mL) and ligustilide (100 uM) were incubated individually
with 1 mM GSH in a total volume of 200 uL of 25 mM Tris-HCI buffer (pH 8.0) for 1 h at
room temperature. After incubation of the A. sinensis sample with GSH, the reaction product
mixture was diluted 10-fold with water and analyzed using LC-MS-MS with a Thermo Electron
(San Jose, CA) TSQuantum triple quadrupole mass spectrometer equipped with a Surveyor
HPLC system and a Phenomenex (Torrance, CA) C1g HPLC column (5 uM, 250 x 2.0 mm).

Chem Res Toxicol. Author manuscript; available in PMC 2009 October 1.
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The solvent system consisted of a gradient with solvent A (5 mM ammonium acetate) and
solvent B (methanol) at a flow rate of 200 pL/min. The 28 min gradient consisted of 5% B for
0—-3 min, 5-80% B in 3—10 min, 80% B in 10—20 min, 80—90% B in 20—21 min, and 90% B
in 21-28 min. Aliquots (20 pL) of each GSH reaction mixture were analyzed using LC-MS-
MS with negative ion electrospray. Collision-induced dissociation (CID) and MS-MS scanning
for precursors of the GSH fragment ion m/z 272 were used for the selective detection of GSH
conjugates. Structural information for each conjugate was obtained using CID with product
ion scanning. Accurate mass measurements of GSH conjugates were performed in positive ion
mode electrospray using a Thermo Electron linear ion trap Fourier-transform ion cyclotron
resonance (FT-ICR) mass spectrometer.

Alkylation of Keapl

The A. sinensis partition (100 pg/mL) and ligustilide (100 uM) were incubated individually
with 5 pM Keapl in a total volume of 200 pL of 25 mM Tris-HCI buffer (pH 8.0) for 1 h at
room temperature. As in our previous studies (43), the reducing agent Tris[2-carboxyethyl]
phosphine hydrochloride (200 uM) was used to prevent the formation of any disulfide bonds
within Keapl. The MALDI TOF mass spectrometer experiments were performed according
to Liu et al. (43). Briefly, the matrix solution (1.0 pL) consisting of 10 mg/mL 3,5-methoxy-4-
hydroxycinnamic acid in acetonitrile/water/trifluoroacetic acid (50:49.9:0.1; v/v/v) was mixed
with 1.0 uL of the Keapl incubation solution. This mixture (1.0 uL) was analyzed using positive
ion MALDI-TOF mass spectrometry over the range of m/z 50,000—90,000 using an Applied
Biosystems (Foster City, CA) Voyager DE-Pro instrument operated in linear mode.

LC-MS-MS analysis of tryptic digested peptides

Statistics

Ligustilide (100 uM) was incubated with 5 uM Keapl in a total volume of 200 pL of 25 mM
Tris-HCI buffer (pH 8.0) for 1 h at room temperature. Subsequently, the sample was quenched
with excess of DTT (0.5 mM ). To block the remaining free cysteine residues, the mixture was
treated with 1.5 mM iodoacetamide in DTT, allowed to react for 30 min, and treated with a
final DTT addition (1 mM). Each Keapl1 sample (modified or unmodified) was incubated with
6 ug/mL trypsin in Tris-HCI buffer (pH 8.0) at 37 °C for 3 h. Adjusting the pH to 3.5 using
10% trifluoroacetic acid solution stopped the digestion. A total of 10 uL of each sample was
analyzed using a reversed phase LC-MS-MS system consisting of the linear ion trap FT-ICR
mass spectrometer equipped with a Michrom Multi-Dimensional HPLC system and a VVydac
(Hesperia, CA) Cyg reversed phase HPLC column (5 pm, 2.1 x 150 mm, 300 A). The solvent
system consisted of a gradient from solvent A (water/acetonitrile/formic acid; 95:4.9:0.1, viv/
V) to solvent B (water/acetonitrile/formic acid; 4.9:95:0.1, v/v/v) at a flow rate of 150 pL/min.
The 60 min gradient consisted of 100% A for 0—5 min, 0—40% B from 5-40 min, 40—80% B
from 40-50 min, and 80—100% B from 50—60 min. The column was maintained at 40 °C, and
the sample compartment was set to 4 °C. Positive ion MS/MS spectra were acquired using
data-dependent scanning with one MS scan followed by four MS/MS scans; the mass spectra
were obtained over the range of m/z 400—2,000 for each analysis. lons subjected to MS/MS
were excluded from repeated analysis for 30 sec. The collision energy was set to 35%. The
LC-MS-MS data were processed using BioWorks™ 3.1 (Thermo Electron). The alkylation
sites were identified based on the tandem mass spectra of the peptides following a database
search using TurboSEQUEST (Thermo Electron, Waltham, MA).

One-way ANOVA with Dunnett's post test was performed using GraphPad Prism version 4.00
for Windows (GraphPad Software, San Diego, CA, www.graphpad.com). Inall cases, a P value
< 0.05 was considered significant. Experimental values are expressed as average + SD.
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Results

Antioxidative activity

Free radical scavenging is commonly regarded as one mechanism reducing cellular oxidative
stress, as it protects lipids, proteins, and DNA against oxidative damage (44). The antioxidant
activities of A. sinensis partitions and the isolated compounds were measured according to their
relative ability to scavenge DPPH free radicals. Only the chloroform partition showed weak
antioxidative activity with 60% free radical scavenging at a concentration of 100 pg/mL (Table
1). The chloroform partition contains various aromatic acids (1), such as the ferulic acid
derivative, p-hydroxyphenethyl-trans-ferulate 7 (Figure 1), which showed moderate radical
scavenging activity. However, the weak radical scavenging activity of A. sinensis extracts
unlikely contributes to its overall chemopreventive effect.

NQOL1 activity

NQOL1 catalyzes the detoxification of cytotoxic quinones such as menadione (45). For this
reason, NQO1 helps protect cellular membranes, proteins, and DNA against oxidative damage.
The measurement of NQO1 inducing properties in Hepalclc7 cells has been used extensively
to assess the potential anticarcinogenic activity of natural products (46). The A. sinensis
extracts, the phthalides, and other isolated compounds were tested for their NQO1 inducing
activity (Table 1). Compounds or extracts were deemed to be active if their CD values
(concentration to double NQO1 activity) were lower than 20 uM or 20 pg/mL (47). Partitioning
of a methanol extract of A. sinensis revealed that the lipophilic partitions (petroleum ether,
chloroform) showed favorable NQO1 inducing properties (Table 1). Further bioassay guided
fractionation of the combined petroleum ether and chloroform partitions showed that some
alkylphthtalides, especially the most abundant compound in the lipophilic fraction, ligustilide
1 (Figure 1), and also the phenolic esters 6 and 7, had respectable NQO1 inducing activities
(Table 1). Cell viability was determined to correct the observed NQO1 activity for cytotoxicity.
The partitions and pure compounds with the exception of the dimer, ansaspirolide 4, had no
effect on cell viability at the tested concentrations. The chemopreventive index (CI), which is
calculated as the ratio of the ICsq value divided by the CD value (IC5¢/CD), of ligustilide was
10, which is slightly lower than the chemopreventive effect of the well-known cancer
chemopreventive compound sulforaphane (Cl: 26) (29). Due to its potent NQO1 inducing
properties, favorable CI value of 19, and high content of ligustilide, the petroleum ether
partition of A. sinensis was used in the following experiments unless otherwise stated.

In contrast to ligustilide, which is characterized by a cyclohexadiene ring, its aromatic
analogue, Z-butylidenephthalide 2 (Figure 1), did not induce NQO1 activity. One oxidized
form of ligustilide, senkyonolide I 3, showed only weak NQO1 inducing properties (Table 1).
The two phthalide dimers, ansaspirolide 4 and sinaspirolide 5 are biogenetically formed from
2 and ligustilide as precursors (1). Interestingly, while 5 did not show any NQO1 inducing
activity, 4 demonstrated potent inducing properties, although its cytotoxic effects (ICgy = 2.9
uM) resulted in a low CI of 3.

Ligustilide has been reported to be a volatile and unstable compound (34,48). Therefore, the
NQOL1 inducing activity of freshly isolated ligustilide (GC-MS purity 98.6%) was compared
to the activity of degraded ligustilide (58.1%). Interestingly, the NQO1 inducing activity of

freshly isolated ligustilide was comparable to degraded ligustilide (Table 1) suggesting that

the degradation products of ligustilide contribute to the overall NQO1 inducing activity.

Induction of ARE-mediated reporter activity by A. sinensis partition and ligustilide

The ARE regulates the induction of detoxification enzymes, such as NQO1. HepG2-ARE-C8
cells, generated from HepG2 cells stably transfected with the pARE-TI-luciferase construct

Chem Res Toxicol. Author manuscript; available in PMC 2009 October 1.
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(49), were treated with various concentrations of A. sinensis partition or ligustilide, and the
luciferase activity was determined (Figure 2). Both the partition and pure ligustilide induced
ARE reporter luciferase activity in a dose-dependent manner.

Reaction of GSH with electrophiles in the A. sinensis partition

In order to screen for electrophilic compounds that alkylate sulfhydryl nucleophiles, the A.
sinensis partition was incubated with GSH for 1 h at room temperature. Negative ion
electrospray mass spectrometry with CID and precursor ion scanning was used to identify the
deprotonated molecules of GSH conjugates that fragmented to form ions of m/z 272,
corresponding to deprotonated y-glutamyl-dehydroalanylglycine as described by Dieckhaus et
al. (50). The negative ion LC-MS-MS precursor ion scan (Figure 3A) identified two major
GSH conjugates. The GSH conjugate eluting at 15.0 min formed a deprotonated molecule of
m/z 496 suggesting that ligustilide in the extract covalently modified GSH. The peak eluting
at 15.4 min formed a deprotonated molecule of m/z 544 which corresponds to the mass of
ligustilide plus GSH and three oxygen atoms. The exact structure of the latter eluting GSH
conjugate is under investigation. Triple oxidized ligustilide derivatives, senkyunolide R and
S, were isolated from Ligusticum chuanxiong, a species which contains very similar
constituents to A. sinensis (33,51). Therefore, it is very likely that these triple oxidized
ligustilide species, which exhibit the necessary a,B,y,6-unsaturated lactone moiety, could also
occur in A. sinensis.

Reaction of GSH with ligustilide

GSH also reacted with isolated ligustilide to form the same conjugate of m/z 496 eluting at
15.0 min (Figure 3B). Not detected in the incubation of the Angelica partition with GSH,
another major GSH conjugate in the ligustilide incubation was observed at m/z 512 with a
retention time of 15.1 min. This conjugate had a molecular mass corresponding to a
monooxygenated ligustilide with a mass of 206 reacting with one molecule of GSH. Isolated
ligustilide is unstable compared to ligustilide present in an extract, which may explain why
this conjugate was not observed in incubations with the partition and GSH. Additional evidence
for the proposed ligustilide GSH conjugates was obtained by high-resolution accurate mass
measurement using a linear ion trap FT ICR mass spectrometer. The two proposed ligustilide
GSH conjugates formed protonated molecules of m/z 498.1911 and 514.1860 that corresponded
to ligustilide-GSH and oxidized ligustilide-GSH conjugates, respectively (Table 2). In both
cases, the experimentally determined mass differed from the theoretical mass for the proposed
elemental composition by less than 2 ppm (parts per million) confirming the molecular
formulae (Table 2).

Alkylation of Keapl

Recently, we developed a mass spectrometry-based method to screen complex mixtures such
as botanical extracts for potential cancer chemopreventive agents, based on alkylation of Keapl
(43). Electrophilic constituents in the A. sinensis partition alkylated Keapl (Figure 4A) and
increased its mass by approximately 2,000 u. Keapl contains 27 cysteine residues and in
previous investigations with other Michael acceptors, we observed up to 12 different alkylated
cysteine sites in Keapl (31). Similar results were achieved by incubation of Keapl with
ligustilide (Figure 4B). After incubation with ligustilide, the mass of Keapl increased
approximately 644 u, indicating that ligustilide and/or oxidized ligustilide species alkylated
multiple cysteine residues in Keapl (Figure 4B).

Sites of modification in human Keap1l by ligustilide species

In order to identify the sites of alkylation, peptide mapping and sequencing of alkylated Keapl
was carried out using high performance linear ion trap FT ICR LC-MS-MS. This approach has

Chem Res Toxicol. Author manuscript; available in PMC 2009 October 1.
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been used previously to determine the modification pattern of Keapl after alkylation by ARE
inducers containing a Michael addition moiety (31). Ligustilide was incubated with Keapl at
37°Cfor1h,andthenalkylated Keapl was digested using trypsin followed by peptide mapping
and sequencing. The accurate masses of ligustilide (190.0988) and monooxygenated ligustilide
(206.0938) (Table 2) were used in the BioWorks™ software to search for peptide alkylation.
Both ligustilide species were found to modify Keapl exclusively at cysteine residues (Table
3). Whereas ligustilide only alkylated C151, oxidized ligustilide alkylated four cysteine
residues including C151, C273, C288, and C319 (Table 3). These results show that ligustilide
and monooxygenated ligustilide covalently modify specific sulfhydryl groups in Keapl.

Discussion

A. sinensis is widely used as a dietary supplement for women's health, especially for the relief
of postmenopausal symptoms and as an “anti-aging product” (1). Extracts of A. sinensis are
usually standardized to a specific amount of the alkylphthalide, ligustilide 1, since it is the
major compound in lipophilic extracts (36). Numerous pharmacological activities have been
attributed to ligustilide, such as smooth muscle relaxation, sedative, and antimicrobial effects
(37,52,53). Recent studies have demonstrated cytoprotective and antiproliferative effects of
the lipophilic extracts, ligustilide, and other phthalides indicating preventive potential against
cancer as well as cardiovascular and neurodegenerative diseases (6,9,10,13). In this study, we
examined the chemopreventive potential of A. sinensis extracts as well as of isolated
compounds, especially ligustilide, by analyzing their antioxidative and their detoxification
enzyme inducing properties.

Scavenging of free radicals by antioxidative compounds presents one pathway to reduce
oxidative stress (54). The relative abilities of the extracts and compounds to scavenge the stable
radical DPPH were determined (Table 1). Only the chloroform partition containing various
polyphenolic acid esters showed moderate antioxidative activity (Table 1). Among the isolated
compounds tested, only the ferulic acid ester 7 exhibited moderate activity (Table 1). These
results are in agreement with previous literature reports. Wu et al. described weak antioxidative
activity for the aqueous extract of A. sinensis (55). The essential oil exhibited moderate
antioxidative activity in three different antioxidative assays including the DPPH assay (ICsgq
=194.7 ug/mL) (56). The most active fractions were characterized by a high coniferyl ferulate
concentration (DPPH assay; 1Csq = 15.2 pg/mL 92% coniferyl ferulate) (56). Compared to
other botanicals with strong antioxidative activity, for example green tea, which showed an
ICsq in the DPPH assay of approximately 14 pg/mL (57), the radical scavenging effects of A.
sinensis are weak and unlikely to contribute to the overall chemopreventive activity of A.
sinensis.

The NQOL1 inducing activities of A. sinensis partitions and its compounds were also
investigated. NQOL1 catalyzes two-electron reduction of quinones. This prevents the formation
of unstable semiquinones and ROS, which are generated by cytochrome P450 reductase that
catalyzes one-electron reduction of quinones (58). The unstable semiquinones undergo redox
cycling in the presence of molecular oxygen generating ROS and causing oxidative stress
potentially leading to cellular damage, mutagenesis, and/or carcinogenesis (59-61). NQO1
plays an important role in cancer prevention, but it is also essential for the risk reduction of
other chronic diseases. For example, it has been demonstrated that NQO1 induction may have
athero- and cardioprotective properties (62,63). However, it should be noted that in some cases
NQOL1 calalyzes the reduction of xenobiotics to toxic intermediates or metabolites (64). For
example, mitomycin C is bioactivated in tumors with elevated NQO1 activity (65).

Our data indicated that lipophilic partitions rich in alkylphthalides showed potent NQO1
inducing properties (Table 1). The major alkylphthalide, ligustilide, demonstrated significant
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inducing activity, which could be explained by the a,f,y,d -unsaturated lactone moiety with
the cross-conjugated alkene system (Figure 1) reacting in a Michael fashion with nucleophiles
(33,48). In contrast, 2 represents a classical alkylphthalide with an aromatic ring instead of the
cross conjugated alkene system (Figure 1). Therefore, the 3,8 alkene group is less reactive and
in accordance with the theory that the inducer capacity parallels the reactivity of the Michael
acceptor group, 2 did not show NQOL1 inducing properties at the concentrations tested (Table
1) (66). Similarly, in senkyonolide I 3 the 6,7 alkene group of ligustilide is converted to two
hydroxyl groups, and the 3,8-ene group is less active compared to ligustilide resulting in
moderate NQO1 inducing properties. Interestingly, the relative NQOL1 activities of the two
dimeric phthalides were distinct from each other. Only 4 showed potent NQO1 inducing
activity, which was combined with high cytotoxicity, leading to a low CI value. In contrast to
5, dimer 4 has the requisite conjugated unsaturation moiety, which might explain its NQO1
inducing properties.

Aromatic esters with a,B-unsaturated keto functional groups, such as cinnamic acid esters, have
been shown to be potent NQO1 inducing compounds (67). The ferulic acid ester derivatives
6 and 7 showed high NQOL inducing properties (Table 1). Compound 7 has been previously
isolated from green onions, and its NQO1 inducing properties were found to be similar to the
results reported here (CD: 6.6 uM) (68). Compounds 6 and 7, which are mainly present in the
chloroform partition, could contribute to the NQO1 inducing effects of the crude extract;
however, the enhanced electrophilicity of ligustilide as well as its higher concentration
implicates ligustilide as the major species responsible for NQO1 induction (36).

The transcription of several detoxification enzymes, including GST, epoxide hydrolase, heme
oxygenase, thioredoxin reductase, and NQO1 among others, is mediated by the ARE (15). Both
the A. sinensis extract and ligustilide induced ARE reporter activity in a dose-dependent fashion
(Figure 2). The induction of ARE regulated detoxification enzymes can protect against various
oxidant and electrophilic agents and hence prevent various diseases associated with oxidative
stress (19).

Keapl and Nrf2 are mainly involved in regulating the expression of detoxification enzymes
and antioxidant proteins through the ARE (Scheme 1) (20,69). Under basal conditions, the
transcription factor Nrf2 is repressed by Keapl in the cytosol and unable to activate the ARE.
One theory of detoxification enzyme induction states that upon introduction of inducing agents,
which can oxidize or alkylate highly reactive cysteine residues in Keap1l (22), Nrf2 accumulates
in the nucleus, where it binds to the ARE and accelerates the transcription of detoxification
genes (20,23,70). Therefore, we examined whether the petroleum ether partition and ligustilide
could modify sulfhydryl groups in GSH and in human Keapl protein. LC-MS-MS analysis of
GSH incubations with A. sinensis partition or ligustilide revealed that the lipophilic partition
as well as ligustilide formed GSH conjugates (Figure 3). The expected product corresponding
to the mass of ligustilide plus GSH was observed at m/z 496. In addition, another major GSH
conjugate of m/z 512 was detected representing the reaction of a monooxygenated ligustilide
species (mass: 206) with GSH (34). Ligustilide is an unstable compound, which quickly forms
epoxidized (Figure 5) and other oxygenated dihydrophthalides (Figure 1, compound 3) and
butylidene species, such as compound 2, as well as dimeric butylidene phthalides, for example
compounds 4 and 5 (Figure 1) (1,33,34,48,71). Some of these compounds, such as 2, 3, 4, and
5, occur naturally in the plant, but can also be generated through degradation of purified
ligustilide. Regarding the degradation of ligustilide to a monooxygenated ligustilide species
(mass: 206), Lin et al. reported that ligustilide is oxidized to Z-6,7-epoxyligustilide (Figure 5)
which hydrolyzes to senkyonolide | 3 (Figure 1) (34). In addition, it has been suggested that
oxidation to 3,8-epoxyligustilide and subsequent cleavage to phthalic anhydride represents one
major degradation pathway for ligustilide (38). Therefore, these electrophilic oxidation
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products may covalently modify GSH or Keapl and contribute to the NQO1 inducing
properties.

Detailed LC-MS and LC-MS? analyses of the GSH conjugate with the monooxygenated
ligustilide species (Figure 5) revealed that at least 2 different GSH conjugates were generated
(data not shown). MS? experiments provided characteristic fragment ions of the GSH moiety
and the cleavage of water from the molecular ion (MH* - 18) indicated the occurrence of an
additional hydroxyl group in the ligustilide species. Moreover, the UV spectra demonstrated
the change of the chromophore in comparison to ligustilide (UV: Amax Of ligustilide: 270, 322
nm; Amax Of the GSH conjugate with the monooxygenated ligustilide species: 270 nm). Due
to the reactivity of the o,B,y,8 -unsaturated lactone and the epoxide moiety, four different GSH
conjugates (SG2-SG5, Figure 5) were proposed with the intermediates, Z-6,7-epoxyligustilide
or 3,8-epoxyligustilide. Interestingly, after application of a p.o. dose of ligustilide (500 mg/kg)
to rats, a GSH conjugate with monooxygenated ligustilide (mass 206) could be detected in the
plasma of these animals (72). The proposed structures represented Z-6,7-epoxyligustilide-SG3
and Z-6,7-epoxyligustilide-SG4 (Figure 5). While NMR experiments of isolated GSH
conjugates would be necessary to determine the exact molecular structure, these experiments
were not feasible due to the instability of not only ligustilide but also the GSH conjugates. At
this point, the activity cannot be attributed to a single oxidized ligustilide or ligustilide itself,
but rather to a group of non-aromatic phthalides, such as ligustilide, that are capable of cysteine
alkylation.

Incubation of the A. sinensis partition or ligustilide with Keapl resulted in a mass increase
(Figure 4). Keapl is a cysteine rich protein with 27 cysteine groups for human Keapl, nine of
which are flanked by basic amino acid residues which increases their reactivity (19). Recent
research indicates that these cysteines act as sensors for inducers (22,23). Controversy exists
over which cysteine residues are the most reactive and show the strongest ARE inducing effect
after alkylation (70,73-75). Known potent NQOL1 inducers, including sulforaphane and the
ARE inducer biotinylated iodoacetamide (BIA) have been shown to preferentially bind to three
cysteines in human Keapl; Cys151, Cys288, and Cys297 (69,75). Hong et al. also detected
other sulforaphane reactive cysteines including Cys196 and Cys241 (73,74). Similar
experiments with ligustilide and Keapl showed that ligustilide only alkylated Cys151, whereas
oxidized ligustilide alkylated Cys151 and three other cysteines including Cys273, Cys288, and
Cys319 (Table 3). The distinct pattern of modification by these two ligustilide species could
be due to the relative amount of compounds in the mixture or due to differences in reactivity.
Cys151is supposed to have a key role in sensing electrophilic ARE inducers, as known inducers
are reported to transmit their inducing activity through alkylating Cys151 (31,69). In support
of this, Cys151S Keapl mutants, showed lack of responsiveness to ARE inducers suggesting
an important sensing role for Cys151 (23,69). Apart from Cys151, alkylation of Cys273 and
Cys288 is suggested to lead to stabilization of Nrf2 and thus to a higher concentration of Nrf2
in the nucleus (69). In addition, Cys319 in human Keapl is alkylated by oxidized ligustilide,
and alkylation of this cysteine was also frequently observed by other natural ARE inducers,
although its role in Nrf2 repression is not clear (31).

In conclusion, these experiments demonstrate for the first time that ligustilide and also its
monooxygenated product, possibly corresponding to ligustilide epoxide, alkylate important
cysteine residues in Keapl, which can lead to the accumulation of Nrf2 in the nucleus, where
it enhances the transcription of ARE dependent detoxification genes. These results correlate
with the potent NQO1 and ARE inducer activity of ligustilide and the A. sinensis partition
suggesting that A. sinensis’ dietary supplements standardized to ligustilide have the potential
to help prevent cancer and other chronic diseases associated with oxidative stress. Because A.
sinensis is frequently used for the alleviation of menopausal symptoms, this dietary supplement
might have additional chemoprevention health benefits.
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Figure 1.
Chemical structures of isolated compounds from Angelica sinensis (1).
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Figure 2.

Induction of ARE-luciferase reporter activity by A) Angelica sinensis and B) ligustilide. Stably
transfected HepG2-ARE-C8 cells (78) were plated in 6-well plates at a density of 1 x 10° cells/
mL and incubated overnight. Cells were stimulated with different concentrations of extract,
ligustilide, BF as a positive control (664 nM), or DMSO as a negative control. Cells were
harvested 18 h after treatment. Luciferase activity was determined and normalized by protein
determination. The data were obtained from three separate experiments and expressed as fold
induction compared to the control (DMSO-treated cells) + SD.
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Figure 3.

Negative ion electrospray LC-MS-MS chromatograms of the petroleum ether partition of A.
sinensis or the isolated A. sinensis constituent Z-ligustilide after incubation with GSH in 25
mM Tris-HCI buffer (pH 8.0) for 1 h at room temperature (50). A) Angelica sinensis partition
after incubation with GSH. The negative ion LC-MS-MS precursor ion scan of m/z 272
identified two major GSH conjugates eluting at 15.0 and 15.4 min with m/z values of 496 and
544, respectively. B) Ligustilide after incubation with GSH (molar ratio of 1:10, ligustilide/
GSH). The negative ion LC-MS-MS precursor ion scan of m/z 272 identified two major GSH
conjugates eluting at 15.0 and 15.1 min with m/z values of 496 and 512, respectively. Note that
the GSH conjugates of m/z 496 formed during incubations with A. sinensis and ligustilide both
eluted at 15.0 min during LC-MS.
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Figure 4.

Positive ion MALDI-TOF mass spectra of Keapl (5 uM) following incubation for 1 h with A)
Angelica sinensis partition (100 xg/mL); or B) ligustilide (100 xM) in 25 mM Tris-HCI buffer
(pH 8.0) at room temperature (43). The dashed lines indicate Keapl incubated with buffer as
a control, and the solid lines represent Keapl incubated with either the A. sinensis partition or
ligustilide. The mass shifts of the Keap1 protein after the incubation indicate that both Angelica
sinensis partition and ligustilide alkylate Keapl protein.
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Figure 5.

Proposed monooxidation products of ligustilide with the mass of 206 (34,38,79) and possible

GSH-conjugates with ligustilide 1 or with its monooxidation product (72).
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Scheme 1.

Proposed mechanism of NQOL1 induction by ligustilide through the Keap1-Nrf2 pathway.
Besides Keapl, the mitogen-activated protein kinase (MAPK) (78,80), the protein kinase C
(PKC) (81) and the phosphatidylinositol 3-kinase (PI13K) pathways (82,83) play roles in the
regulation of detoxification enzymes (16). PKC phosphorylation of serine-40 in Nrf2 is also
involved in this pathway (81). Within the nucleus, Nrf2 binds to the ARE as a heterodimer
with either small Maf proteins, FosB, c-Jun, or JunD (84,85). These proteins are omitted for
clarity.
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Table 2
Theoretical and measured accurate masses for the determination of the elemental composition of the GSH conjugates.
Molecular Theoretical Observed mass of Mass accuracy (Appm)b
formula and molecular formula each GSHa
. - . theoretical mass and mass of each GSH conjugate? [M
Ligustilide species of each conjugate [M+H]" +HJ+ 9 [

compound before
conjugation

lianictili C1oH140; [C2,H3,N;0gS]"
Z-ligustilide (190.0988) (498.1905) ) 498.1911 +1.2
oxidized ligustilide species CyoHq40; [CyyH3N304S]
(206.0938) (514.1854) 514.1860 *12

&I'he accurate mass was measured using positive ion electrospray with a hybrid linear ion trap FT ICR mass spectrometer.

bppm: Parts per million.
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Table 3
Cysteine residues in Keapl protein modified by ligustilide species.

Page 25

Keapl tryptic peptides Cysteines Z-ligustilide Oxidized ligustilide
CVLHVMNGAVMYQIDSVVR Cys 151 1,2,32 12,3
CHSLTPNFLQMQLQK Cys 273 12,3

CEILQSDSR Cys 288 123
IFEELTLHKPTQVMPCR Cys 319 23

aLI'hese data represent the results of three independent LC-MS-MS analyses. Numbers indicate the experiment numbers (1, 2, and 3) in which specific

modified cysteines were detected.
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