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Isoalantolactone from Inula helenium Caused Nrf2-Mediated
Induction of Detoxifying Enzymes
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Se-Jin Choi Jung Han Yoon Park,” Hui Jung Kang,’ and Jong-Sang Kim'

'Department of Animal Science and Biotechnology and School of Applied Biosciences, Kyungpook National University,

Daegu; “Department of Food Science and Nutrition, Hallym University, Chuncheon; and >Department
of Human Ecology, KyungSung University, Busan, Republic of Korea

ABSTRACT Our previous study demonstrated that methanolic extract of Inula helenium (Elecampane) has the potential to
induce detoxifying enzymes such as NAD(P)H:(quinone acceptor) oxidoreductase 1 (EC 1.6.99.2) (NQO1, QR) activity and
glutathione S-transferase (GST) and found isoalantolactone and alantolactone as the active components. In this study we
investigated the detoxifying enzyme-inducing potential of isoalantolactone, which is present in /. helenium and has a structure
similar to that of alantolactone. The compound induced QR in a dose-dependent manner in both Hepalclc7 cells and its
mutant BPRc1 cells lacking the arylhydrocarbon receptor translocator. Like with most phase 2 enzyme inducers, other phase 2
detoxifying enzymes, including GST, glutathione reductase, y-glutamylcysteine synthetase, and heme oxygenase-1, were also
induced by isoalantolactone in a dose-dependent manner in the cultured cells. Furthermore, isoalantolactone caused a pro-
portionate increase in luciferase activity depending upon concentration and exposure time in the reporter assay in which
HepG2-C8 cells, transfectants carrying antioxidant response element-luciferase gene, were used. The nuclear translocation of
nuclear factor-E2-related factor 2 (Nrf2) was stimulated by the compound and attenuated by phosphatidylinositol 3-kinase
inhibitors such as LY294002 and wortmannin. In conclusion, isoalantolactone is a candidate for chemoprevention and acts as
potent phase 2 enzyme inducer by stimulating the accumulation of Nrf2 in the nucleus.

KEY WORDS: e« Akt * antioxidant response element * chemoprevention e detoxifying enzymes * isoalantolactone
* NAD(P)H:(quinone acceptor) oxidoreductase 1 * nuclear factor-E2-related factor 2 ¢ phosphatidylinositol 3-kinase

* sesquiterpenes

INTRODUCTION

CHEMOPREVENTION HAS BEEN DEFINED as the use of
pharmacologic or natural agents designed to prevent,
suppress, or reverse the process of carcinogenesis before the
development of malignancy.' 2 One of the major mechanisms
of chemical protection against carcinogenesis is the induction
of phase 2 enzymes involved in detoxification of exogenous
and endogenous mutagens and carcinogens. Antioxidant re-
sponse element (ARE) is present in the promoter region of
genes encoding for phase 2 detoxification/antioxidant en-
zymes such as heme oxygenase-1 (HO-1), NAD(P)H:(qui-
none acceptor) oxidoreductase 1 (EC 1.6.99.2) (NQOI1, QR),
and glutathione S-transferase (GST). In unstressed states,
nuclear factor-E2-related factor 2 (Nrf2) is present in the
cytoplasm in association with Kelch-like ECH-associated
protein 1 (Keapl). Disturbance of the interaction between
Nrf2 and Keapl, including covalent or oxidative modifica-
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tion of cysteine thiols in Keapl by electrophiles or oxidative
stress, results in Nrf2 release and its translocation into the
nucleus. Binding of Nrf2 to the ARE sequence in genes en-
coding phase 2/antioxidant enzymes causes transcriptional
activation of the relevant genes, promoting removal of re-
active oxygen species or toxic chemicals. Many natural
compounds such as curcumin, caffeic acid phenethyl ester,
and sulforaphane are known to act as electrophiles in Nrf2/
ARE activation.>*

Our previous study demonstrated that sesquiterpenes
isolated from Inula helenium (also known as Elecampane)
induced NQO1 (QR), an anticarcinogenic marker enzyme.s’6
In an attempt to elucidate the underlying mechanism of phase
2 enzyme induction by the sesquiterpene isoalantolactone,
the effect of isoalantolactone (Fig. 1) on Nrf2/ARE activa-
tion was investigated.

MATERIALS AND METHODS

Materials

All cell culture reagents and fetal bovine serum were
obtained from Gibco BRL (Gaitherburg, MD, USA). He-
palclc7 and BPRcl cells were from the American Type
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FIG. 1. Structure of isoalantolactone.

Culture Collection (Rockville, MD, USA). All other che-
micals were of reagent grade. Roots of 1. helenium L. were
purchased from DeaGuang in Chuncheon, Republic of
Korea, in 2006. A voucher specimen (number 325) is de-
posited at the Hallym University RIC Center in Chuncheon.

Cell culture

Hepalclc7 and its mutant (BPRc1) cells were plated at a
density of, respectively, 3x10° and 5x10° cells per 100-
mm-diameter plate (Nunc, Rochester, NY, USA) in 10 mL
of o-minimum essential medium supplemented with 10%
fetal bovine serum. The HepG2-C8 cell line established in
the laboratory of Dr. ANN. Kong at Rutgers, The State
University of New Jersey (Piscataway, NJ, USA) by trans-
fecting human hepatoma HepG2 cells with pARE-TI-
luciferase construct was used for the reporter assay.’
HepG2-C8 cells were maintained in modified Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal
bovine serum, GlutaMax (catalog number 35050-061, Gibco
BRL), 100 units/mL penicillin, and 0.5 mg/mL G418. Cells
were normally starved overnight in 0.5% fetal bovine se-
rum-containing medium before treatment. The cells were
normally incubated for 3—4 days in a humidified incubator in
5% CO, at 37°C. Cells were cultured for 48 hours and ex-
posed to various concentrations of sample for another 24
hours, followed by biochemical assays.

Extraction and purification of QR inducer
from 1. helenium

Roots (1.5kg) of 1. helenium were air-dried followed by
grinding in a Willey-Mill plant grinder. Ground plant ma-
terial was soaked in n-hexane (8.5L) for 24 hours. The
solvent was decanted from the plant residue and evaporated
in vacuo to yield 40.8 g of crude extract. A portion of the
n-hexane root extract (5.2 g) was adsorbed to silica gel and
applied to a silica gel chromatography column (particle
size, 40—63 um; 60x300 mm; 60 A). Elution of the column
was performed using increasing polarity mixtures of n-
hexane/ethyl acetate in a series of three linear gradient
steps. Step 1 consisted of 100/0 to 90/10 eluent using 2L
with step 2 consisting of 90/10 to 75/25 eluent using 1L.
Step 3 consisted of 75/25 to 0/100 eluent using 1L, and the
column was washed with 2 L. of ethyl acetate. Column eluate
was collected in 30-mL test tubes and, based on thin-layer
chromatography similarities, recombined into 13 fractions:
1, tubes 1-18, 80 mg; 2, tubes 19-20, 85 mg; 3, tubes 21-28,
1.3 g; 4, tubes 29-33, 620mg; 5, tubes 34-37, 45mg; 6,

tubes 38—41, 55 mg; 7, tubes 4246, 86 mg; 8, tubes 47-52,
1.2g; 9, tubes 53-62, 520 mg; 10, tubes 62-67, 52mg; 11,
tubes 68—72, 65 mg; 12, tubes 73-76, 96 mg; and 13, tubes
77-85, 1.1 g. Further purification of the bioactive fractions 8
and 13 was accomplished using repeated vacuum liquid
chromatography procedures on silica gel to yield compound
1 (57mg) and compound 2 (85mg), respectively, with a
purity of 98.8% as determined by high-performance liquid
chromatography.

Identification of isoalantolactone

The identification of QR inducer was accomplished by
comparison of spectroscopic data with those reported in the
literature.®>® 'H- and '*C-nuclear magnetic resonance spec-
tra were recorded in CDCI; on a Bruker (Billerica, MA,
USA) Avance 400 MHz spectrometer. All '°>C multiplicities
were deduced from 90° and 135° distortionless enhancement
by polarization experiments. Infrared spectra were recorded
on a FT-IR 4100 spectrometer (JASCO Inc., Easton, MD,
USA). Mass spectra were obtained on a PolarisQ Ion Trap
GC/MS" (Thermo Fisher Scientific Inc., Waltham, MA,
USA). Vacuum liquid chromatography separations were
carried out on silica gel (Macherey-Nagel Kieselgel,
Darmstadt, Germany). The analytical properties of the
compound isolated (isoalantolactone) were as follows: In-
frared v, cm L 1,758 (y-lactone), 1,448, 1,263. Electro-
spray ionization-mass spectrometry 70eV, m/z (relative
intensity): 232 [M "] (82), 217 [M-CH3]" (40), 190 (100).
Melting point: 111-113°C (lit. 111-112°C). 'H nuclear
magnetic resonance (CDCl3): 6 0.75 (3H, s, H-14), 1.18 (1H,
m, H-1), 1.30 (1H, d, J=12.8Hz, H-6), 1.42 (1H, d,
J=4.4Hz, H-9), 1.48 (1H, m, H-1), 1.53 (2H, m, H-2), 1.67
(1H, dq, J=6.8, 2Hz, H-6), 1.78 (1H, d, /= 12.4Hz, H-5),
1.93 (1H, J=12.4, 5.6Hz, H-3), 2.12 (1H, d, 15.6Hz, H-9),
2.26 (1H, dd, J=13.6, 2.0Hz, H-3), 2.92 (1H, q, /= 6.4Hz,
H-7), 437 (1H, d, J=0.8Hz, H-15), 4.43 (1H, br.t,
J=3.6Hz, H-8), 5.52 (1H, s, H-13), 6.04 (1H, s, H-13). °C
nuclear magnetic resonance (CDCl3): §17.5 (C-14), 22.5
(C-2), 27.2 (C-6), 34.0 (C-10), 37.0 (C-1), 40.5 (C-7), 41.3
(C-3), 42.2 (C-9), 46.2 (C-5), 76.9 (C-8), 106.7 (C-15),
120.0 (C-13), 142.1 (C-11), 149.0 (C-4), 170.7 (C-12).

Biochemical assays

QR activity was measured by a spectrophotometric assay in
which the rate of reduction of 2,6-dichlorophenolindophenol
was monitored at 600 nm.'® zer-Butylhydroquinone (20 M
or 3.3 ug/mL), a known QR inducer, was used as a positive
control in all biochemical assays. The specific activity of
enzymes was normalized to the protein concentration, which
was determined in triplicate using the assay of Lowry et al'!
All data are reported as mean & SD values whenever possible.

Assay of reporter gene activity

HepG2-C8 cells were plated in six-well plates at a density
of 5x10° cells per well. After a 16-hour incubation, cells
were cultured in fresh modified Dulbecco’s modified Eagle’s
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medium with high glucose containing 0.5% fetal bovine se-
rum for 12 hours before sample treatment. After cells were
cultured for another 16 hours in the presence of various
concentrations of sample, cells were collected, and the lu-
ciferase activity was determined according to the protocol
provided by the manufacturer (Promega Corp., Madison, WI,
USA).7 In brief, after sample treatment, cells were washed
twice with ice-cold phosphate-buffered saline and harvested
in reporter lysis buffer. The homogenates were centrifuged at
12,000 g for 2 minutes at 4°C. A 20-uL supernatant was as-
sayed for luciferase activity using a TD-20/20 luminometer
(Turner Designs, Sunnyvale, CA, USA). Luciferase activity
was normalized against protein concentration.

Preparation of nuclear protein extract

Nuclear and cytosolic protein extracts were prepared as
previously described.'? In brief, cells were cultured on 100-
mm-diameter dishes to 90% confluence and treated with
isoalantolactone for various times. After being washed, cells
were harvested by scraping in ice-cold phosphate-buffered
saline and collected by centrifugation at 500 g for 5 minutes.
Cells were lysed with buffer A (10 mM HEPES-KOH [pH
7.9], 10 mM KCl, 0.1 mM EDTA, 0.5% Nonidet P-40, 1 mM
dithiothreitol, and 0.5 mM phenylmethylsulfonyl fluoride)
on ice for 20 minutes and then centrifuged at 14,000 g for 15
minutes at 4°C. The supernatants were saved as the cyto-

SEO ET AL.

plasmic fractions. The nuclear pellets were washed three
times with buffer A, resuspended in buffer B (20 mM
HEPES, 0.5 M KCI, 1 mM EDTA, 1 mM dithiothreitol, and
1 mM phenylmethylsulfonyl fluoride, pH 7.9) for 30 minutes
at 4°C on a rotating wheel, and then centrifuged at 14,000 g
for 15 minutes at 4°C. One part of the nuclear fraction was
subjected to immunoblot analysis using anti-Nrf2, anti-
SAMG68 antibody.

Western blot

Western blotting was performed on cytosolic fractions
prepared from cultured cells to estimate the level of detox-
ifying enzymes according to a protocol described previ-
ously.'*'* The primary antibodies, including anti-NQOI,
anti-GST-pi, anti-HO-1, anti-y-glutamylcysteine synthetase
(yGCS), anti-glutathione reductase (GR), anti-Nrf2, anti-f-
tubulin, and horseradish peroxidase-conjugated secondary
antibody anti-goat or anti-rabbit immunoglobulin G, were
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Statistical analysis

Statistical significance of QR enzyme activity and ARE-
reporter assay data was tested by analysis of variance, fol-
lowed by Duncan’s multiple range test, using SPSS software
(SPSS Inc., Chicago, IL, USA). P < .05 was considered to
be statistically significant.
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RESULTS

Effect of isoalantolactone on QR activity
in murine hepatoma cells

Because QR is a biomarker enzyme for phase 2 detoxi-
fying/antioxidant enzymes, we determined whether iso-
alantolactone induces QR activity in Hepalclc7 and its
mutant BPRc1 cells lacking the arylhydrocarbon receptor
nuclear translocator, which are typical murine hepatoma cell
lines highly responsive to phase 2 enzyme inducers and
thereby widely used for screening phase 2 enzyme induc-
ers.”>'7 As shown in Figure 2, cytosolic QR enzyme ac-
tivity in both Hepalclc7 and BPRcl1 cell lines was increased
in a dose-dependent manner in the range of 0-8 uM iso-
alantolactone. The enzyme activity of Hepalclc7 cells ex-
posed to 10 uM isolantolactone was induced by 1.8-fold of
the control, whereas the activity was increased by 2.1-fold in
the cells incubated with 20 uM tert-butylhydroquinone, a
known QR inducer.'®

Isoalantolactone, at concentrations above 10 uM, sup-
pressed QR activity, in particular, in BPRc1 cells, probably
because of the cytotoxic effect of the compound. That is, the
compound at the concentration that exerts cytotoxicity might
inhibit cellular enzyme activity in a nonspecific fashion,
although its expression was relatively little affected.

Effect of isoalantolactone on expression of phase 2
detoxifying enzymes in Hepalclc7 and BPRcl cells

As isoalantolactone significantly induced the activity of
QR in mouse hepatoma cells, we investigated the effect of
isoalantolactone on the expression of other detoxifying/
antioxidant enzymes. The compound enhanced the levels of
GR, yGCS, GST-Pi, and HO-1 in a dose-dependent manner
from O to 10 uM in both Hepalclc7 and BPRcl cells (Fig.
3). For instance, isoalantolactone at the concentration of
8 uM showed a comparable induction potential for phase 2
detoxifying enzymes to tert-butylhydroquinone, a known
QR inducer, at the concentration of 20 uM.

Dose—response effect on expression
of pARE-TI-luciferase

To examine whether induction of phase 2 enzymes is
mediated by ARE in the promoter region of genes encoding
the enzymes, HepG2-C8 cells harboring pARE-luciferase
gene construct were exposed to various concentrations of
the compound for different times. As shown in Figure 4, the
reporter assay showed that isoalantolactone increased lu-
ciferase gene expression proportionately with the increasing
concentrations and exposure time to the compound. The
compound (8 uM) activated the luciferase expression by 10-
and 28-fold in HepG2-C8 cells treated for 12 and 24 hours,
respectively,.

Translocation of Nrf2 into nucleus by isoalantolactone

We further investigated whether isoalantolactone stimu-
lates nuclear translocation of Nrf2. The nuclear level of Nrf2

A tBHQ Isoalantolactone (uM)

200M 0O

o1
o (R 22‘5!

V-GCS

o
T EEEEEE
e T |

+-BHQ Isoalantolactone (uM)
20pM 0

NQO! —- _
GR _—-d

y-GCS

B-tubulin |

FIG. 3. Effect of isoalantolactone on the expression of phase 2
detoxifying enzymes, including NQOI1, GR, GST-Pi, yGCS, and HO-
1, in (A) Hepalclc7 and (B) BPRcl cells. Cells were treated with
various doses of isoalantolactone for 24 hours, followed by immu-
noblot analyses as described in Materials and Methods. t-BHQ, ferz-
butylhydroquinone.

was enhanced with increasing dose of isoalantolactone.
Accumulation of Nrf2 in the nucleus reached the highest
level in the cells treated with isoalantolactone for 8 hours
and then decreased with extended exposure to the chemical
(Fig. 5).

Regulation of nuclear translocation
of Nrf2 by kinase inhibitors

To determine whether nuclear translocation of Nrf2 by
isoalantolactone is associated with some kinases such as
protein kinase C (PKC), Jun N-terminal kinase (JNK), ex-
tracellular signal-regulated protein kinase (ERK) 1/2, p38
mitogen-activated protein kinase (p38 MAPK), and phos-
phatidylinositol 3-kinase (PI3K), Hepalclc7 and BPRcl
cells were treated with isoalantolactone with and without
kinase inhibitors such as PD-98059 (ERK1/2 inhibitor),
SB203580 (p38 MAPK inhibitor), SP600125 (JNK inhibi-
tor), staurosporine (PKC inhibitor), LY294002, and wort-
mannin (PI3K inhibitors), followed by examining nuclear
accumulation of Nrf2 using western blotting. As shown in
Figure 6, the PI3K inhibitors LY294002 and wortmannin
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FIG. 5. Translocation into the nucleus of Nrf2 by isoalantolactone in
Hepalclc7 and BPRcl cells. (A) Hepalclc7 and (B) BPRc1 cells were
treated with different concentrations of isoalantolactone for 24 hours.
(C) Hepalclc7 and (D) BPRcl cells were treated with 8 uM iso-
alantolactone for different periods. Antibody against Sam68 was used
as a loading control for nuclear extract. t-BHQ, fert-butylhydroquinone.

A 18 P
16
b
FEE‘ 14 + b
B2 12}
83
@
Eg 10 +
T s
s ° ¢
3 = 6 -
4t d d
2 e é
0 H : i - : . ; i FIG.4. (A) Dose- and (B) time-dependent
control tBHQ tBHQ 1 2 4 8 10 induction of ARE-luciferase activities by
(20 uM) (50 M) isoalantolactone in HepG2-CS8 cells that were
Isoalantolactone (uM) generated by transfecting plasmid containing
ARE-luciferase gene into HepG2 cells. Data
B 35 - are mean = SD (bars) values. Means without
g a common letter differ significantly, P < .05.
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stimulated by isoalantolactone, whereas inhibitors for JNK,
ERK, p38, and PKC did not bring about any significant
repression of the compound-induced accumulation of Nrf2
in the nuclear compartment. Furthermore, inhibition of
glycogen synthase kinase-3f (GSK3f) by lithium chloride
caused a further increase in nuclear transport of Nrf2 (Fig. 7).
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FIG. 6. Effect of kinase inhibitors on isoalantolactone-induced
nuclear translocation of Nrf2. (A) Hepalclc7 and (B) BPRcl cells
were treated with isoalantolactone in the absence or presence of the
kinase inhibitors PD98059 (PD) (20 uM), an ERKI/2 inhibitor,
SB203580 (SB) (20 uM), a p38 MAPK inhibitor, SP600125 (SP)
(20 uM), a JNK inhibitor, staurosporine (Stau) (0.3 uM), a PKC in-
hibitor, LY294002 (LY) (40 uM), a PI3K inhibitor, or wortmannin
(W) (2 uM), a PI3K inhibitor, and subjected to western blotting.
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FIG.7. Relationship between nuclear accumulation of Nrf2 and the
Akt/mTOR/GSK3p signaling pathway in Hepalclc7 cells. See
Figure 6 for details. (A) Hepalclc7 cells were treated with iso-
alantolactone (iA) in the absence or presence of the inhibitors FPA-
124 (FPA) (25 uM), an Akt inhibitor, KP372-1 (KP) (60 nM), an Akt
inhibitor, rapamycin (R) (400 nM), an mTOR inhibitor, and lithium
chloride (Li) (25 mM), a GSK3p inhibitor, and subjected to western
blotting. (B) Relative Nrf2/SAM68 expression.

DISCUSSION

In our previous study in which more than 200 plant ex-
tracts were screened, the methanol extract of 1. helenium
was found to Possess a significantly high capacity to induce
QR activity.”'® The herb has been used in Oriental medicine
as an expectorant and for treating tuberculosis, worms, and
other infectious diseases such as tonsillitis. 2 We further
fractionated the methanol extract of the plant and found that
the hexane fraction was the most active in inducing detox-

FIG. 8. Relationship between nuclear accumulation of Nrf2 and
Akt/mTOR/GSK3p signaling pathway in BPRcl cells. See Figure 6
for details. (A) BPRcl cells were treated with isoalantolactone (iA) in
the absence or presence of the inhibitors FPA-124 (FPA) (25 uM), an
Akt inhibitor, KP372-1 (KP) (60 nM), an Akt inhibitor, rapamycin (R)
(400 nM), an mTOR inhibitor, and lithium chloride (Li) (25 mM), a
GSK3p inhibitor, and subjected to western blotting. (B) Relative
Nrf2/SAM68 expression.

ifying enzymes. A previous study also showed that ses-
quiterpenes present in the hexane fraction had various
antitumor potentials, including antiproliferative activity.'”
In this study the mechanism leading to induction of phase 2
detoxifying/antioxidant enzymes by isoalantolactone was
studied.

Sesquiterpenes lactones possessing an o-methylene y-
lactone functionality are electrophiles and are, thus, apt
to interact with the ARE of phase 2 detox1fy1ng enzyme
genes and induce their expression.”'** Among the seven

FIG. 9. Hypothetical mechanism for induction of phase 2
detoxifying enzymes by isoalantolactone. PDK1, pyruvate
dehydrogenase kinase, isozyme 1; PIP2, phosphatidylino-
sitol bisphosphate; PIP3, phosphatidylinositol trisphos-
phate. Color images available online at www.liebert
online.com/jmf.
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sesquiterpenes examined in our previous study, three
compounds (alantolactone, isoalantolactone, and So-
epoxyalantolactone) showed strong QR induction, whereas
the other sesquiterpenes were inactive or relatively low in
activity. In particular, reduced forms of alantolactone and
isoalantolactone did not induce QR, suggesting a significant
role of the methylene group in the lactone ring in the activity
(Fig. 1).°* Opening of any of the three rings in the structure
significantly reduced its potential for QR induction. In spite
of structural similarity between isoalantolactone and alan-
tolactone, a wide difference in cytotoxicity against several
cancer cell lines was reported.”’ That is, most cancer cell
lines were much more sensitive to alantolactone than iso-
alantolactone. However, the QR-inducing potential of iso-
alantolactone was higher than that of alantolactone (Fig. 2).
It has been suggested that alteration of the cellular redox
status is due to elevated levels of reactive oxygen species and
electrophilic species, and a reduced antioxidant capacity
appears to be an important signal for triggering the expres-
sion of the detoxifying/antioxidant enzyme genes.”

The induction of many detoxifying/antioxidant enzymes
such as QR in response to reactive chemical stress is regu-
lated primarily at the transcriptional level. This transcrip-
tional response is mediated by a cis-acting element, termed
an ARE, initially found in the promoter of genes encoding
the two major detoxification enzymes, GST A2 and NQOI1
(QR).**” More specifically, Nrf2 plays a major role in
transcriptional activation of phase 2 detoxification enzymes
through interacting with ARE sequence after translocation
into the nucleus. Isoalantolactone, like most phase 2 en-
zymes inducers, stimulated nuclear translocation of Nrf2 in
Hepalclc7 and BPRcl cells and enhanced luciferase ac-
tivity in HepG2-C8 cells transfected with ARE-luciferase
gene construct at concentrations as low as 2 uM.

It is well established that Nrf2 activity is controlled, in
part, by the actin-associated cytosolic protein Keapl. Acti-
vation of Nrf2 in response to altered redox status was
thought to arise from dissociation from Keap1, followed by
translocation of Nrf2 into the nucleus to exert its tran-
scriptional activity.>>~2® Another possible mechanism of
Nrf2 activation is phosphorylation by protein kinase(s) such
as PKC and Akt. In fact, inhibition of AKT or PI3K re-
pressed the nuclear accumulation of Nrf2 mediated by iso-
alantolactone, whereas inhibitors of ERK, p38, JNK and
PKC did not affect the nuclear translocation of Nrf2 (Fig. 6),
suggesting that the PI3K/Akt signaling pathway is associ-
ated with activation of Nrf2 by isoalantolactone. Several
compounds such as brazilin, ursodeoxycholic acid, kahweol,
and capsaicin have been reported to promote translocation
of Nrf2 and reduced glutathione synthesis through an acti-
vation of the PI3/Akt/Nrf2 pathway.**>* Furthermore, the
PI3K/Akt/mammalian target of rapamycin (mTOR) sig-
naling pathway could be, in part, involved in the nuclear
translocation of Nrf2 as inhibitors of Akt (FPA-124, KP372-
1) and mTOR (rapamycin) suppressed the isoalantolactone-
induced accumulation of Nrf2 in the nucleus (Figs. 7 and
8).** Inhibition of GSK3p by lithium chloride failed to
further stimulate translocation of Nrf2 into nucleus, sug-

gesting that GSK3 may not be associated with molecular
modulation of detoxifying enzymes of isoalantolactone, as
shown in Figures 7 and 8.3

In conclusion, isoalantolactone has strong capacity to con-
trol expression of genes whose protein products are involved
in the detoxification and elimination of harmful reactive oxi-
dants and electrophilic agents through conjugative reactions
and by enhancing cellular antioxidant potential (Fig. 9).
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