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Andrographis paniculata is an herb widely used in China, Korea, and India for its anti-hepatotoxic,
anti-viral, and anti-inflammatory effects. Andrographolide is the major bioactive diterpene lactone in A.
paniculata. The pi class of glutathione S-transferase (GSTP) is one of the phase Il biotransformation enzymes.
Our previous study indicated that andrographolide upregulates the expression of GSTP. Thus, this study is
divided into two parts to clarify the mechanism by which andrographolide induces GSTP gene expression in
rat primary hepatocytes. In part I, we indicated that induction of GSTP protein and mRNA expression in rat
primary hepatocytes by andrographolide was inhibited by forskolin and a variety of cAMP analogues.
Andrographolide alone had no effect on inducible cCAMP early repressor (ICER) mMRNA expression; however,
andrographolide played a potentiating role in forskolin-induced ICER mRNA expression. An EMSA and
immunoprecipitation assay showed that ICER binding to cAMP-response element (CRE) was increased in
cells cotreated with andrographolide and forskolin. Taken together, these results suggest that ICER is likely to
be involved in the suppression of andrographolide -induced GSTP expression caused by the increase of CAMP
in rat primary hepatocytes. In part 11, hepatocytes were treated with andrographolide, immunoblots showed
maximal Akt phosphorylation at 0.5 h and maximal c-jun phosphorylation at 3 h. However, pretreatment with
PI3K inhibitors, wortmannin and LY294002, or siPI3K inhibited the andrographolide-induced
phosphorylation of c-jun and GSTP protein expression. EMSA showed that pretreatment with wortmannin,
LY294002, or siPI3K attenuated the AP-1-DNA-binding activity caused by andrographolide. In summary,
andrographolide induces GSTP gene expression in rat primary hepatocytes through activation of the PI3K/AKkt,
phosphorylation of c-jun, nuclear accumulation of AP-1, and subsequent binding to the response element in
the gene promoter region.

Keywords: Andrographolide; cAMP/CREB/ICER pathway; PI3K/Akt pathway; = class of glutathione
Stransferase (GSTP); primary hepatocytes
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FOOD CHEMISTRY

Activation of the cAMP/CREB/Inducible cAMP Early Repressor
Pathway Suppresses Andrographolide-Induced Gene
Expression of the x Class of Glutathione S-Transferase in Rat
Primary Hepatocytes

] Il 3
A1-JEN YaNG,™ CuiEN-CHUN Li*" CHia-Yanc Lu," Kai-Li Liv," CHia-WeN Tsar?
Crong-Kuer Lit,*¥ anp Haw-WeN CHEN®Y
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Andrographolide (Ap) is a bioactive compound in Andrographis paniculata that is a Chinese herb.
The m class of glutathione S-transferase (GSTP) is one kind of phase Il detoxification enzyme. Here
we show that induction of GSTP protein and mRNA expression in rat primary hepatocytes by Ap
was inhibited by forskolin and a variety of cAMP analogues. The inhibitory effect of the cAMP
analogues was partially blocked by pretreatment with H89. In the presence of Ap, forskolin, or both,
the expression of phospho-cAMP response element-binding protein (CREB) was increased. Ap
alone had no effect on inducible cAMP early repressor (ICER) mRNA expression; however, Ap
played a potentiating role in forskolin-induced ICER mRNA expression. An EMSA and immunopre-
cipitation assay showed that ICER binding to cAMP-response element (CRE) was increased in cells
cotreated with Ap and forskolin for 3 and 8 h. Taken together, these results suggest that ICER is
likely to be involved in the suppression of Ap-induced GSTP expression caused by the increase of
cAMP in rat primary hepatocytes.

KEYWORDS: Andrographolide; cAMP/CREB/ICER pathway; forskolin; & class of glutathione S-trans-
ferase (GSTP); hepatocytes

INTRODUCTION such aslymphomas and synovial sarcoma (7). The overexpression
of GSTP protein has been shown to be associated not only with
anticancer drug resistance but also with increased tumor grade
and tumor recurrence; moreover, high GSTP protein expression
may lead to poor patient survival (8). GSTP is highly inducible
during carcinogenesis, and the expression of GSTP is regarded as
being an important determinant of cancer susceptibility and a
reliable marker of tumorigenesis (6). Thus, the high levels of
GSTP expression in tumors may be either a cause or an effect of

The biotransformation enzyme system in mammals includes
phase I and phase IT enzymes and phase III membrane transpor-
ters that catalyze the conversion of xenobiotics to the polar
metabolites that are more readily excreted (/). The glutathione
S-transferases(GSTs)are phase II detoxification enzymes and are
composed of two enzyme families with distinct catalytic and
noncatalytic binding properties. One enzyme family consists of
membrane-bound enzymes such as microsomal GST and leuko- et
triene C4 synthetase; the other enzyme family consists of cytosolic the tumorngenic process. .
enzymes that are encoded by at least five distantly related gene The mechanisms underlying the regulation of GSTP expres-

classes, namely, o, . 7r, 0, and 0 (2). Thezr class of GST (GSTP) is sion during malignancy are highly complicated and not well
one of the super families of GST enzymes that catalyze the understood. The GSTP gene has an enhancer element (GPEL;

conjugation of GSH to electrophilic xenobiotics, which results GSTP enhancer 1) at 2.5 kb upstream of the cap (9). In GPEL,
in the detoxification of electrophiles such as genotoxic chemical there are two phorbol-12-O-tetradecanoate-13-acetate responsive
carcinogens and cytotoxic chemotherapeutic agents (3—5). clement (TRE)-like elements that are (_:0ns1dered to be required

In most normal tissues, GSTP expression is very low; however, for the basal and inducible expression of GSTP (/0). The
overexpression is frequently observed in several tumor tissues, transcriptional factor activator protein-1 (AP-1) has been shown

including liver, brain, prostate, and lung (4,6), and in carcinomas to bind to the TREs and upregulate GSTP expression (/1). The
upregulation of GSTP expression by garlic allyl sulfides is

dependent on both the c-Jun NH2-terminal kinase (JNK)-AP-1

*To whom correspondence should be addressed. H.-W.C.: tel, +886

422053366 ext. 7520; fax, +886 4 2206 2891; e-mail, chenhw(@ mail. and the extracellular receptor kinase (ERK)-AP-1 signaling path-
emu.edu.tw. C.-K.L. tel, +886 4 22053366 ext. 7519; fax, 4386 4 2206 ways (/2). In addition, a highly conserved sequence known as the
2891; e-mail, cklii@mail.cmu.edu.tw. cAMP response element (CRE), which is present in the 5'-region
©2010 American Chemical Society Published on Web 01/11/2010 pubs.acs.orglJAFG
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Figure 1. Chemical structure of andrographolide.

of the human GSTP gene, and ¢cAMP- and cAMP response
element-binding protein-1 (CREB-1)-mediated mechanisms are
reported to be involved in the transcriptional regulation of the
GSTP gene (8).

The CREB family belongs to the basic domain leucine zipper
(bZIP) transcription factor class and comprises three members:
CREB, CRE modulator (CREM), and activating transcription
factor (ATF) ({/3). The CREB/CREM/ATF family members are
homologous proteins that contain a basic DNA binding domain
that recognizes the CRE (/4). CREM encodes a variety of
isoforms that are generated by alternative mRNA splicing. The
isoforms function as either activators or repressors of cAMP-
induced transcription (/5). Inducible cAMP early repressor
(ICER), an isoform of CREM, is a small protein of 120 amino
acids and possesses only the bZIP domain (/6). ICER plays a
repressor role in cAMP-dependent transcription (/7). Both
CREB and ICER, members of the CREB family, are transcrip-
tional regulators of the cAMP-mediated signaling pathway (/8);
however, they act in opposite ways. The ubiquitous transcription
factor CREB binds to the CRE and activates target gene expres-
sion after the phosphorylation of its serine 133 by the cAMP-
dependent PKA (/9), and ICER competes with other bZIP
proteins for the CRE and inhibits gene expression (20)).

Andrographis paniculata (Bum. f) Nees, a Chinese herb, is a
member of the Acanthaceae family. It is widely cultivated in
Southeast Asia and is widely used as a traditional medicine in
India, China, Thailand, and Scandinavia (21). 4. paniculata was
reported to have chemopreventive potential. In animal studies,
administration of A. paniculata significantly increases hepatic
activity of phase I (22) and phase II (23) enzymes. Andrographo-
lide (Ap) (Figure 1) is the most abundant diterpene lactone in the
leaves and stems of A. paniculata and has high biological activity
and therapeutic potential (24). A clinical trial showed that Ap
may inhibit HIV-induced cell cycle dysregulation and lead to a
risein CD4" lymphocyte levels in HIV-1 infected individuals (25).
Many in vitro studies have indicated that Ap exerts anticancer
activities, including antiangiogenesis (26), antiproliferation (27),
and pro-apoptosis (28) effects. OQur previous study showed that
administration of ethanol or ethyl acetate extracts of 4. panicu-
lata and of Ap significantly increases GSTP expression in rat
primary hepatocytes (29).

cAMP is a well-known intracellular second messenger, and it
is known to play an important role in T-cell function (30). A
variety of hormones, including glucagon, epinephrine, para-
thyroid, and adrenocorticotropic hormone (ACTH), were
shown to increase intracellular cAMP level (37). In addition
to its role in the immune system, cAMP has been shown to exert
an inhibitory effect on the biotransformation enzyme system
(32,33). In the present study, we used the rat primary hepatocyte
culture system to study the role of increased cAMP as occurring
in response to hormone stimulation in the modulation of Ap-
induced GSTP expression which is an important component of
the phase IT enzyme system and the mechanisms underlying the
regulation.

YANG et al.

MATERIALS AND METHODS

Reagents and Antibodies. Cell culture medium (RPMI-1640) was
purchased from Gibco-BRL (Gaithersburg, MD), collagenase type IV was
obtained from Worthington Biochemical (Lakewood, NJ), Matrigel was
purchased from Collaborative Biomedical Products (Bedford, MA),
ITS™ Premix, collagen type I, and anti-GSTP antibody were purchased
from BD Biosciences (San Jose, CA), anti-CREB (48H2), and antipho-
spho-CREB (ser133) antibodies were purchased from Cell Signaling
Technology (Boston, MA), anti-CREM (ICER) was purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA), antimouse 1gG
(goat), antirabbit 1gG (goat), and horseradish peroxidase-conjugated
antibodies and enhanced chemiluminescence reagent were purchased from
PerkinElmer Life Science, Inc. (Boston, MA ), SP600125 (a JNK inhibitor)
and PDY9805Y (an MAPK/ERK kinase inhibitor) were obtained from
TOCRIS (Ellisville, MO), SB203580 (a p38 MAPK inhibitor) was
purchased from Biosource (Camarillo, CA), antiactin monoclonal anti-
body, 8-bromo-cAMP, 8-(4-chlorophenylthio)-cAMP, dibutyryl-cAMP,
forskolin, H89, 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bro-
mide (MTT), and all other chemicals were obtained from Sigma Chemical
(St. Louis, MO). Tagman primer probes for GSTP, ICER, GAPDH, and
Master Mixture were purchased from Applied Biosystems (Foster City,
CA). Andrographolide was purchased from Calbiochem (Darmstadt,
Germany).

Hepatocyte Isolation and Culture. Male Sprague—Dawley rats
(weighing 250—300 g) were purchased from BioLASCO Taiwan Co.,
Ltd. (Taipei, Taiwan). Hepatocytes were isolated by a modification of the
two-step collagenase perfusion method described previously (34). After
isolation, hepatocytes (3 x 10° cells/dish) were plated on collagen-coated
60 mm plastic tissue dishes in RPMI-1640 medium (pH 7.38) supplemen-
ted with 10 mM HEPES, 1% ITS", I uM dexamethasone, 100 TU of
penicillin/mL, and 100 pg of streptomycin/mL. Cells were incubated at
37°Cin a 5% CO, humidified incubator. After 4 h, cells were washed with
PBS to remove any unattached or dead cells, the same medium was
supplemented with Matrigel (233 mg/L), and 0.1 uM dexamethasone was
added. Thereafter, the medium was changed daily. The protocol for each
experiment is described in the corresponding figure legend. The rats were
treated in compliance with the Guide for the Care and Use of Laboratory
Animals.

Cell Viability. Cell viability was assessed by measuring the ability of
viable cells to reduce a vellow MTT to a purple formazan by mitochondrial
succinate dehydrogenase. After incubation with 40 M andrographoelide
alone or in a combination of 40 uM andrographolide and various levels of
forskolin for 48 h, the medium was removed, and hepatocytes were then
incubated in RPMI-1640 medium containing 0.5 mg/mL MTT for an
additional 3 h. The medium was then removed, and isopropyl alcohol was
added to dissolve the formazan. After centrifugation at 9000g for 5 min,
the supernatant of each sample was transferred to 96-well plates, and the
absorbance was read at 570 nm in an ELISA reader. The absorbance in
cultures treated with 0.1% DMSO (control) was regarded as 100% cell
viability.

Intracellular cAM P Measurement. Intracellular cAMP concentra-
tions were measured by using the cAMP EIA kit (Cayman Chemical). The
cells were incubated with Ap or forskolin for 30 min, and cell extracts were
prepared as described by Liet al. (33).

Nuclear Extracts Preparation. After each experiment, hepatocytes
were washed twice with cold PBS and were then scraped from the
dishes with 800 uL of PBS. Cell homogenates were centrifuged at 1800g
for 5 min. The supernatant was discarded, and the cell pellet was allowed
to swell on ice for 15 min after the addition of 200 uL of hypotonic
extraction buffer containing 10 mM HEPES, 1 mM MgCl,, 1 mM
EDTA, 10 mM KCI, 0.5 mM dithiothreitol (DTT), 0.5% Nonidet P-40,
4 pg/mL leupeptin, 20 pgg/mL aprotinin, and 0.2 mM phenylmethylsul fo-
nyl fluoride (PMSF). After centrifugation at 7000g for 15 min, the
resulting supernatant was discarded, and the pellet containing nuclei
was extracted by gentle mixing with 50 gL of hypertonic extraction buffer
containing 10 mM HEPES, 0.4 mM KCI, 1| mM MgCl,, 1 mM EDTA,
0.5 mM DTT, 4 ug/mL leupeptin, 20 ug/mL aprotinin, 0.2 mM PMSF,
and 10% glycerol at4 *C for 30 min. The samples were then centrifuged at
20000g for 15 min. The supernatant containing the nuclear proteins was
collected and stored at — 80 °C until the electrophoretic mobility shift assay
(EMSA).
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EMSA. EMSA was carried out as described previously (G35).
Six micrograms of nuclear extract, poly (dI-dC), and biotinylated
double-stranded CRE consensus oligonucleotides (5-AGAGATTGCCT-
GACGTCAGAGAGCTAG-3Y) were mixed with the binding buffer
(LightShift EMSA Kit; Pierce Chemical Co., Rockford, IL) to a final
volume of 20 uL, and the mixture was incubated at 27 °C for 30 min. An
unlabeled double-stranded CRE oligonucleotide and a double-stranded
NF-«B oligonucleotide (¥-AGTTGAGGCGACTTTCCCAGGC-3)
were used to confirm competitive binding and specific binding, respec-
tively. The nuclear protein-DNA complex was separated by 6% Tris/boric
acid/EDTA-polyacrylamide gel electrophoresis and was then transferred
to Hybond N* membranes. The membranes were cross-linked by UV light
for 10 min and were then treated with 20 uL of streptavidin-horseradish
peroxidase for 20 min, and the nuclear protein-DNA bands were deve-
loped with a SuperSignal West Pico kit (Pierce Chemical Co.).

Immunoprecipitation. Nuclear extracts were diluted to 1 gg/uL with [P
buffer (40 mM Tris-HCI [pH 7.5], 1% NP-40, 150 mM NaCl, 5 mM EGTA,
1 mM DTT, I mM PMSF, 20 mM NaF, 1 gg/mL aprotinin, 1 ug/mL
leupeptin,and 1 mM sodium vanadate). Thediluted nuclear extracts (60 ug)
were then incubated with 0.6 g anti-ICER or anti-CREB antibody for 12 h
at4 °C, mixed with 4 uL protein A-Sepharose suspension (0.1 mg/mL), and
incubated for an additional 1 h. Immunoprecipitates were collected by
centrifugation at 16 000g for 2 min. The pellet was washed three times with
200 uL of IP buffer and was then subjected to Western blotting.

Western Blotting. After each experiment, hepatocytes were washed
twice with cold PBS and were then scraped from the dishes with 500 uL of
phosphate buffer containing 74 mM K,HPO,, 2.6 mM KH,PO, and
15 M KCI (pH 7.4). Cell homogenates were centrifuged at 20000g for
30 min. The resulting supernatant was used as a cellular protein for
Western blot analysis. Nuclear extract proteins were prepared from rat
primary hepatocytes as described above. For GSTP and actin, 4 ug of
cellular proteins was used, for CREB and phospho-CREB, 30 ug of
nuclear proteins was used, and for [P ICER and CREB, 60 ug of nuclear
proteins was used. The protein samples were separated on 10% sodium
dodecyl sulfate (SDS)—polyacrylamide gel, and the separated proteins
were transferred to polyvinylidene diflouride membranes. After blocking,
the membrane was incubated with anti-GSTP antibody (1:2000) and
antiactin antibody (1:2000) for 45 min at room temperature, with anti-
CREB antibody (1:2000) and antiphospho-CREB antibody (1:2000) for
1.5 h at room temperature, and with anti-ICER antibody (1:1000) for 12 h
at 4 °C, followed by incubation with horseradish peroxidase-conjugated
antibody for 1 h at room temperature. The protein bands were visualized
by enhanced chemiluminescence plus Western blotting detection reagent
(PerkinElmer Life Science, Inc.).

RNA Isolation and Real-Time PCR. Total RNA was isolated from
rat primary hepatocytes by using TRIzol reagent (Invitrogen, Carlsbad,
CA). Amounts of 0.8 ug of total RNA were reverse-transcribed with
superscript Il reverse transcriptase (Stratagene, Heidelberg, Germany)in a
20 uL final volume of reaction buffer, which consisted of 5 mM MgCl,, 1
mM of each deoxyribonucleotide triphosphate, 2.5 U RNase inhibitor,
and 2.5 mM oligo (dT). For the synthesis of cDNA, the reaction
mixtures were incubated at 45 °C for 15 min; the reaction was stopped
by denaturing the reverse transcriptase by heating the mixture to 99 °C for
5 min. For real-time PCR reactions, each sample was run in triplicate, and
each 20 uL reaction contained 1 4L of GSTP (Rn02770492_gH), ICER
(Rn00569145_ml), or GAPDH (Mm99999915 gl) Tagman primer
probes and 10 uL of Tagman Master mixture, 5 uL of sample cDNA,
and 4 uL of ddH,0. Real-time PCR was performed on an SDS-7500 PCR
instrument (Applied Biosystems). The real-time PCR runs consisted of
first 1 cycle at 50 °C for 2 min, then 1 cycle at 95 °C for 10 min, and then
40 cycles at 95 °C for 15 s and 60 °C for 1 min. After cycling, relative
quantification of mRNA against an internal control, GAPDH, was
conducted according to the ACT method (36).

Statistical Analysis. Data were analyzed by using analysis of variance
(SAS Institute, Cary, NC). The significance of the difference between
mean values was determined by one-way analysis of variance and Tukey’s
test; p < 0.05 was taken to be statistically significant.

RESULTS AND DISCUSSION

Cell Viability. The MTT assay was used to test whether the
concentrations of Ap or Ap and forskolin used caused cell
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Figure 2. Effectsof40xM Ap and of 40 «M Ap incombination with various
concentrations of forskolin on cell viability. Results represent the mean +
SD (n=3).

damage. There were no adverse effects on the growth of rat
primary hepatocytes under these experimental conditions
(Figure 2). In our study, the effects of Ap or Ap and forskolin
observed were not due to cell viability.

Ap-Induced GSTP Protein Expression Was Suppressed by
Forskolin. To investigate the possible mechanisms involved in
the induction of GSTP expression by Ap, we used MAPK
inhibitors such as 25 uM PD98039 (an ERKI/2 inhibitor),
20 M SP600125 (a JNK inhibitor), 20 xM SB203580 (a p38
MAPK inhibitor), and 25 uM forskolin (an adenylate cyclase
activator). As shown in Figure 3A, 40 uM Ap significantly
induced GSTP protein expression in rat primary hepatocytes
and 25 M forskolin significantly abolished this effect of Ap. The
MAPK inhibitors, however, had no effect on GSTP protein
expression induced by Ap (Figure 3A), which suggests that the
ERK, JNK, and p38 MAPK pathways are not involved in the
Ap-induced GSTP expression in rat primary hepatocytes. The
concentrations of pharmacological inhibitors of ERK, JNK, and
p38 MAPK we used were shown to be effective for their respective
inhibitory functions in a previous study (37).

A dose—response inhibitory effect of forskolin (1—100 M) on
Ap-induced GSTP expression was further performed in rat
primary hepatocytes. As shown in Figure 3B,C, forskolin sup-
pressed Ap-induced GSTP expression in a dose-dependent man-
ner, and a significant inhibition of both protein and mRNA levels
was noted at doses =5 uM. These results imply that the down-
stream pathway of forskolin may be involved in the suppression
of Ap-induced GSTP expression.

Ap-Induced GSTP Expression Was Suppressed by cAMP Ana-
logues. Forskolin is known to increase intracellular cAMP and
further activate cAMP-mediated signaling pathways (38). A
previous study reported that treatment of hepatocytes with either
forskolin or cAMP analogues results in a rapid and dramatic
elevation of intracellular cAMP levels within 20 min (39). In-
creases of intracellular cAMP levels activates PKA and leads to
suppression of the expression of phase I enzymes such as cyto-
chrome P450 (CYP) 2B1 and CYP 3Al in rat primary hepato-
cytes (32). Three highly membrane-permeable cAMP analogues,
including dibutyryl-cAMP (DBT), 8-bromo-cAMP (Bromo), and
8-(4-chlorophenylthio)-cAMP (CPT), were tested to examine
whether the effect of forskolin on GSTP expression was mediated
by intracellular ;cAMP. As shown in Figure 4A, 1 and 104M DBT,
10 and 25 M Bromo, and 0.5 and 2.5 uM CPT all significantly
suppressed Ap-induced GSTP protein expression, and the inhibi-
tory potency of the cAMP analogues was associated with their
concentration. The GSTP mRNA expression pattern was similar
to that of the protein (Figure 4B), although only the higher
concentration of the cAMP analogues showed a significant effect.
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Figure 3. Effects of MAPK inhibitors and various concentrations of
forskolin on Ap-induced GSTP expression. (A) Twenty-four hours after
attachment, hepatocytes were pretreated with or without 25 1M PD98059
(PD), 20 «M SP600125 (SP), 20 «M SB203580 (SB), and 25 1M forskolin
(Fsk) for 1 h before the addition of Ap. Cells were then treated with Ap for
an additional 48 h. (B) Twenty-four hours after attachment, hepatocytes
were prefreated with or without 1, 5, 25, or 100 M forskdlin (Fsk) for 1 h
and were then incubated with 40 .M Ap for another 48 h. Aliquots of total
protein (4 ng) were used for Westem blot analysis. One representative
experiment out of three independent experiments is shown (upper panel).
Results represent the mean £ SD of three independent experiments
(lowerpanel). Bars with different letters are significantly different (p < 0.05).
(C) Aliquots of total RNA (0.8 ug) isolated from hepatocytes were
subjected to realtime PCR analysis. Values of GSTP mRNA induction
were normalized to the GAPDHmRNA level. Results represent the mean +
SD (n=3). Bars with different letters are significantly different (p < 0.05).

The changes of intracellular cAMP concentration following
Ap and forskolin treatments were monitored, and results showed
that both Ap and forskolin significantly increased intracellular
cAMP concentrations in comparison with the control group
(Figure 4C). The intracellular cAMP concentration was 82-fold
that of the control with forskolin treatment. An increase of cAMP
concentration was also noted in Ap-treated cells, and the intra-
cellular cAMP level was 22-fold that of the control.

PKA Inhibitor Reversed the Suppression of cAMP analogues on
Ap-Induced GSTP Expression. The cAMP-dependent PKA path-
way is involved in the regulation of the expression of genes such as

YANG et al.
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Figure 4. Effects of cell-permeable cAMP analogues on Ap-induced
GSTP protein and mRNA expression and the changes of Ap and forskolin
on the intracellular cAMP concentration. Twenty-four hours after attach-
ment, hepatocytes were prefreated with or without 1 and 10 «M dibutyryl-
CAMP (DBT), 10 and 25 .M 8-bromo-cAMP (Bromo), and 0.5 and 2.5 uM
8-(4-chlorophenylthio)-cAMP (CPT) for 1 h and were then incubated with
40 uM Ap for another 48 h. Cells were prepared for (A) GSTP proteinand
(B) GSTP mRNA determination. Values of GSTP mRNA induction were
normalized to the GAPDH mRNA level. (C) Intracellular cAMP concentra-
tion of cells treated with 40 .M Ap or 25 uM forskolin. Resuits represent
the mean & SD (n= 3). Bars with different letters are significantly different
(p < 0.05).

those encoding CYP 1Al phase I enzyme (4)), nuclear receptors,
such as glucocorticoid receptor-interacting protein 1 (47), and
phase III transport systems, such as organic anion transporting
polypeptide 2 (42). In the present study, we used H89, a PKA
inhibitor, to test whether the suppression of GSTP expression by
forskolinis mediated through a cAMP-dependent PK A pathway.
As shown in Figure 5, H89 significantly attenuated the suppres-
sion of GSTP expression by 10 #M DBT and 25 M Bromo in the
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Figure 5. Effect of PKA inhibitor H89 on the suppression of GSTP protein
expression by forskolin and cAMP analogues in the presence of Ap.
Twenty-four hours after attachment, hepatocytes were pretreated with or
without 7.5 M H89 for 1 h and the cells were then treated with 5 xM
forskolin (Fsk), 10 uM dibutyryl-cAMP (DBT), 25 uM 8-bromo-cAMP
(Bromo), and 2.5 M 8-(4-chlorophenylthio)-cAMP (CPT) for 1 h before
the addition of Ap. Cells were then incubated with 40 «M Ap for another
48 h. One representative experiment out of three independent experiments
is shown. Results in the lower panel representthe mean &+ SD (n=3). Bars
with different letters are significantly different (p < 0.05).

presence of Ap, which suggests that the cAMP-dependent PKA
pathway is involved in this suppression by cAMP. However, H89
only showed a partial effect in the 2.5 4M CPT group and did not
reverse the inhibition of Ap-induced GSTP protein expression by
5 uM forskolin, which may be attributed to the ineffective
concentration of H89 used.

Effects of Ap and Forskolin on the Phosphorylation of CREB. To
investigate whether Ap and forskolin induced the phosphoryla-
tion of CREB in hepatocytes, we assayed the effect of 40 uM Ap,
25 uM forskolin, or both on CREB phosphorylation at 15 and
30 min. The results showed that the phosphorylation of CREB
was significantly increased in rat primary hepatocytes treated
with forskolin or Ap or both for 15 and 30 min (Figure 6). The
phosphorylation of CREB by Ap and forskolin is quick response.
This result is in line with that of a previous study, which showed
that the phosphorylation of CREB by forskolin occurred rapidly
and the peak in phosphorylation was achieved within 15 min,
decay began in 30 min, and phosphorylation returned to the basal
level after 8 h in H35 hepatoma cells (43).

Effects of Ap and Forskolin on ICER mRNA Level. ICER is a
transcriptional repressor (/7), and its competition with other
bZIP proteins, such as CREB and ATF (I7, 44), accounts for its
inhibitory effect on the expression of several genes, including
CYP 19, CYP 51, Rab3a, Rab27 GTPase, Granuphilin/S1p4,
and Noc2 (45—47). It was reported that the cAMP-mediated
ICER expression depends on CREB phosphorylation (48). In this
study, both Ap and forskolin were shown to significantly increase
the intracellular cAMP levels (Figure 4C) and the phosphoryla-
tion of CREB (Figure 6). To investigate the role of ICER involved
in the suppression of GSTP expression, we studied the effects of
Ap and forskolin on ICER mRNA expression in rat primary
hepatocytes. As indicated in Figure 7, ICER mRNA expression
was increased by forskolin in a time-dependent manner. It was
significantly increased after 2 h, and the increase was further
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Figure 6. Effects of Ap and forskolin (Fsk) on CREB phosphorylation.
Forty-eight hours after attachment, cells were treated with 40 M Ap or
25 uM forskolin or cotreated with both Ap and forskoalin for 15 or 30 min.
After harvesting, aliquots of total protein (30 1¢g) were used for Westem blot
analysis. Results represent the mean & SD (n = 3). Bars with different
letters are significantly different within the group (p < 0.05).
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Figure 7. Effects of Ap and forskolin (Fsk) on the ICER mRNA level. Forty-
eight hours after attachment, cells were treated with 40 .M Ap or 25 uM
forskolin or cotreated with Ap and forskolin for 30 minor 1, 2, or 4 h. After
harvesting, 0.8 xg of total RNA isolated from hepatocytes was subjected to
real-time PCR analysis. Values of ICER mRNA induction were normalized
tothe GAPDHmRNA level. Results representthe mean +SD (n=3). Bars
with different letters are significantly different (p < 0.05).

enhanced after 4 h (Figure 7). With Ap alone, [CER mRNA was
not changed up to 4 h. However, in cells cotreated with forskolin
and Ap, the expression of ICER mRNA was even greater than
that of cells treated with forskolin alone. This finding suggests
that there is a potentiating effect of Ap on forskolin-induced
ICER mRNA expression and the inhibition of Ap-induced GSTP
expression by forskolin in rat primary hepatocytes is likely related
to the induction of ICER expression by forskolin.

ICER, a product of the CREM gene, is reported to be involved
in an autoregulatory feedback loop of transcription that governs
the suppression of early response genes, such as the proto-
oncogene c-fos (17). Intriguingly, [ICER mRNA expression was
not induced by Ap:; however, the induction of ICER mRNA
expression was greater by Ap and forskolin cotreatment than by
forskolin treatment alone (Figure 7). These results suggest that an
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Figure 8. Identification of the componentin the CRE complex by EMSA and immunoprecipitation (IP). Forty-eight hours after attachment, cells were treated
with 40 «M Ap alone or cotreated with 40 «M Ap and 25 M forskolin for 3 or 8 h. (A) Aliquots of total hepatocyte nuclear proteins (6 .g) were used for EMSA.
To identify the protein bound to the CRE complex, either anti-CREB or anti-ICER antibody was added. To confirm the specificity of the nucleotides, 100-fold
cold probe (biotin-unlabeled CRE) and NF-«B probe were included in the EMSA. One representative experiment out of three independent experiments is
shown. The nuclearimmunoprecipitates following antibody addition were subjected to Westem blotting to confirm the presence of (B) ICER or (C) CREB in

nuclear extracts.

interaction takes place between Ap and forskolin. Surprisingly,
both Ap and forskolin significantly increased the intracellular
cAMP level (Figure 4C), although forskolin showed a more
potent effect and their effects on ICER formation were not
consistent (Figure 7).

In a previous study (49), glucagon, glucagon-like peptide 1.and
pituitary adenylyl cyclase-activating peptide all stimulate the
formation of cAMP to a comparable extent in rat pancreatic
islets, but only glucagon activates the expression of ICER. It was
proposed that glucagon-like peptide 1 and pituitary adenylyl
cyclase-activating peptide activate additional signal pathways
that inhibit cAMP-mediated induction of ICER expression.
For ICER formation, Ap may act in a manner similar to that
for glucagon-like peptide 1 and pituitary adenylyl cyclase-activat-
ing peptide.

Effects of Ap and Forskolin on Nuclear CRE Complex Forma-
tion. In the present study, EMSA was performed to confirm
whether the suppression of Ap-induced GSTP expression by
forskolin was mediated by transcriptional factors binding to the
CRE. As shown in Figure 8A, CRE complex formation was
significantly increased in hepatocytes cotreated with Ap and
forskolin for 3 and 8 h. To identify whether the component in
the CRE complex was CREB or ICER, either anti-CREB or anti-
ICER antibody was added to study their effects on EMSA.
Results indicated that anti-ICER antibody apparently decreases
nuclear protein binding to the CRE of cells cotreated with Ap and
forskolin for 3 and 8 h (Figure 8A). In contrast, the binding of
nuclear protein to the CRE was not affected by anti-CREB
antibody. To further confirm the component in the CRE complex
was ICER, the immunoprecipitates from nuclear extracts were
thereafter subjected to SDS-PAGE and Western blotting. As
shown, the amount of ICER in the nuclear immunoprecipitates
wasincreased in cells cotreated with Apand forskolin (Figure 8B);
however, no effects of Ap and forskolin on CREB in the nuclear
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Figure 9. Model showing pathways that mediate cAMP suppresses Ap-
induced GSTP expression in rat primary hepatocytes.

immunoprecipitates was found (Figure 8C). These results indi-
cated that cotreatment with Ap and forskolin significantly
increased nuclear [CER and subsequent binding to the CRE.

Although the intracellular cAMP level and the phosphoryla-
tion of CREB were increased by both Ap and forskolin
(Figure 4C, 6), the increased expression of ICER was only noted
incells treated with forskolin (Figure 7). Interestingly, the increase
of ICER expression was even more significant in Ap- and
forskolin-cotreated cells than in forskolin-treated cells. This
raised the possibility that ICER or phospho-CREB/ICER pro-
tein ratio is likely to play a critical role in the suppression of Ap-
induced GSTP expression by forskolin. The importance of
phospho-CREB/ICER protein ratio in the transcriptional regu-
lation of arylalkylamine N-acetyltransferase by norepinephrine
has been reported in the rodent pineal gland (50).



Article

The findings of the present study are schematically presented in
Figure 9. This figure shows that Ap-induced expression of GSTP
in rat primary hepatocytes is suppressed by an increase in cAMP
level caused by forskolin, activation of cAMP/PKA pathway,
phosphorylation of CREB, enhancement of ICER formation,
binding of ICER to the CRE in the GSTP promoter, and
concomitant attenuation of the CREB binding to the GPEL.

ABBREVIATIONS USED

Ap, andrographolide; AP-1, activator protein-1; ATF, activat-
ing transcription factor; ACTH, adrenocorticotropic hormone;
bZIP, basic domain leucine zipper transcription factor; cAMP,
3.5-cyclic adenosine monophosphate; CRE, cAMP-response
element; CREB, cAMP response element-binding protein;
CREM, CRE modulator; ERK, extracellular receptor kinase;
ICER, inducible cAMP early repressor; INK, c-Jun NH2-term-
inal kinase; GPE1, GSTP enhancer 1; GSTP, & class of glu-
tathione S-transferase; MAPK, mitogen-activated protein
kinase; PI3K, phosphatidylinositol 3-kinase; TRE, phorbol-12-
O-tetradecanoate-13-acetate responsive element.
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Andrographis paniculata is an herb widely used in China, Korea, and India for its anti-hepatotoxic,
anti-viral, and anti-inflammatory effects. Andrographolide is the major bioactive diterpene lactone in
A. paniculata. The pi class of glutathione S-transferase (GSTP) is one of the phase Il biotransformation
enzymes. Our previous study indicated that andrographolide upregulates the expression of GSTP. The
aim of this study was to investigate the mechanism by which andrographolide induces GSTP gene
expression in rat primary hepatocytes. In hepatocytes treated with 40 pM andrographolide, immunoblots
showed maximal Akt phosphorylation at 0.5 h and maximal c-jun phosphorylation at 3 h. However,
pretreatment with PI3K inhibitors, wortmannin and LY294002, or siPI3K inhibited the andrographo-
lide-induced phosphorylation of c-jun and GSTP protein expression. EMSA showed that pretreatment
with wortmannin, LY294002, or siPI3K attenuated the AP-1-DNA-binding activity caused by androgra-
pholide. Results of immunoprecipitation indicated that nuclear c-fos/c-jun heterodimer increases with
andrographolide treatment. Addition of antibodies against c-jun and c-fos decreased nuclear protein
bound to the AP-1 consensus DNA sequence. In summary, andrographolide induces GSTP gene expression
in rat primary hepatocytes through activation of the PI3K/Akt, phosphorylation of c-jun, nuclear accumu-

lation of AP-1, and subsequent binding to the response element in the gene promoter region.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Andrographis paniculata (Burm. f.) Nees (Acanthaceae) (A. pan-
iculata) is an herbal medicine that is widely used in China, India,
and other Asian countries. Clinically, A. paniculata is used to treat
the common cold, urinary infection, diarrhea, and infectious hepa-
titis (World Health Organization, 2002). Andrographolide, a diter-
pene lactone, is the major bioactive component of A. paniculata
and has antibacterial, anti-inflammatory, anti-oxidative, and anti-
hepatotoxic properties in rodents and in cell models (Abu-Ghefreh

Abbreviations: AP-1, activator protein 1; CYP450, cytochrome P450; DMSO,
dimethylsulfoxide; EMSA, electrophoretic mobility shift assay; ERK, extracellular
signal-regulated kinase; GPE1, GSTP enhancer 1; GST, glutathione S-transferase;
GSTP, pi class of GST; HEPES, N-[2-hydroxythyl]piperazine-N'-[2-ethanesulfonic
acid]; JNK, c-Jun NH2-terminal kinase; TRE, 12-O-tetradecanoate-13-acetate-
responsive element.

* Corresponding author. Address: Department of Nutrition, China Medical
University, No. 91 Hsueh-Shih Road, Taichung, Taiwan. Tel.: +886 4 2205 3366x
7520; fax: +886 4 2206 2891.

E-mail address: chenhw@mail.cmuwedu.tw (H.-W. Chen).
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et al., 2009; Kapil et al., 1993; Li et al., 2009; Shen et al., 2000;
Visen et al., 1993).

Glutathione S-transferase (GST) is one of the phase Il enzymes
of the biotransformation system, which is composed of phase 1 en-
zymes, phase II metabolizing enzymes, and phase Il transporters
(van lersel et al., 1999; Xu et al., 2005). Recent studies have shown
that A. paniculata has effects on the biotransformation system. A.
paniculata was demonstrated to increase the enzyme activities of
cytochrome P450 (CYP450) 1A1, 2B, and GST in mouse liver
(Jarukamjorn et al., 2006; Singh et al., 2001). Furthermore, crude
extracts of A. paniculata and andrographolide were shown to in-
duce gene expression of the pi class of GST (GSTP) in rat primary
hepatocytes (Chang et al., 2008).

Akt, which is also known as protein kinase B, plays a crucial role
in mammalian cellular signaling pathways involved in the regula-
tion of cell survival, apoptosis, glucose uptake, and glycogen
metabolism. Phosphoinositide 3-kinase (PI3K) phosphorylates
and activates Akt (Rosseland et al., 2008; Stephens et al., 1998;
Wierod et al., 2007), and the PI3K/Akt signaling pathway is affected
by numerous phytochemicals (Chen and Kong, 2005; Manson et al.,
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2007; Martin et al., 2004; Neergheen et al., 2009). A recent study
showed that the PI3K/Akt pathway is blocked by apigenin in hu-
man ovarian cancer cells (Fang et al., 2005). By contrast, androgra-
pholide was found to suppress cell apoptosis through activation of
the PI3K/Akt pathway in human umbilical vein endothelial cells
(Chen et al., 2004).

Activator protein 1 (AP-1), a transcription factor, is a hetero or
homodimer of the Jun and Fos families. AP-1 binds to the consensus
DNA sequence including the 12-O-tetradecanoate-13-acetate-
responsive element (TRE) and AP-1 binding motifs (Angel and Karin,
1991; Nadori et al., 1997). The 5 upstream region of the GSTP gene
promoter contains the enhancer element termed GSTP enhancer 1
(GPE1),whichincludes a TRE-like sequence. AP-1 was shown to bind
to the GPE1 fragment in GSTP owning to the presence of the TRE-like
sequence in GPE1 (Angel et al., 1987; Okuda et al., 1989; Sakai et al.,
1988). The mitogen-activated protein kinases including c-jun N-
terminal kinase (JNK), extracellular signal-regulated kinase (ERK),
and p38 are considered to activate AP-1, followed by binding to
the response element in DNA, which leads to target gene expression
(De Bosscher et al., 2003; Reddy and Mossman, 2002). Furthermore,
Hou etal.(2009)indicated that the PI3K/Akt pathway is essential for
increasing AP-1 DNA-binding activity. Those authors showed that
the increased AP-1 activation was involved in the enhanced bone
morphogenetic protein-2 expression caused by ultrasound in mur-
ine primary osteoblastic cells.

Our previous study showed that GSTP gene expression is upreg-
ulated by andrographolide in rat primary hepatocytes and that the
PI3K inhibitor wortmannin abolishes the induction of GSTP expres-
sion by andrographolide (Chang et al., 2008). In the present study,
we further investigate the transcription factor that is involved in
the upregulation of GSTP expression by andrographolide and the
activation of the PI3K/Akt signaling pathway in rat primary
hepatocytes.

2. Materials and methods
2.1. Chemicals

Cell culture medium (RPMI-1640) and penicillin-streptomycin solution were
from GIBCO-BRL (Gaithersburg, MD); collagen and ITS" (insulin, transferrin, sele-
nium, bovine serum albumin, and linoleic acid) were from Collaborative Biomedical
Products (Bedford, MA); collagenase type | was from Worthington Biochemical
(Lakewood, NJ); TRIzol reagent was from Invitrogen (Carlsbad, CA); dexamethasone,
HEPES, sodium bicarbonate, calcium chloride, wortmannin, and LY294002 (PI3K
kinase inhibitors) were from Sigma-Aldrich, Inc. (St. Louis, MO); andrographolide
was from Calbiochem (Darmstadt, Germany); anti-phospho-Akt, anti-Akt, anti-
ERK1/2, anti-phospho-ERK1/2, anti-p38, and anti-phospho-p38 antibodies were
from Cell Signaling Technology (Danvers, MA); anti-JNK1, anti-phospho-]JNK1/2,
anti-phospho-c-jun, anti-c-jun, and anti-c-fos antibodies were from Santa Cruz Bio-
technology (Santa Cruz, CA); and the transfection reagent Dharmafect 1 was from
Dharmacon (Lafayette, CO).

2.2, Hepatocyte isolation and culture

Male Sprague-Dawley rats (weighing 250-300 g) were purchased from the Bio-
LASCO Taiwan Co. Ltd. (Taipei, Taiwan). Hepatocytes were isolated by a modifica-
tion of the two-step collagenase perfusion method described previously (Seglen,
1976). After isolation, hepatocytes (3 x 10° cells per dish) were plated on colla-
gen-coated 60-mm plastic tissue dishes in RPMI-1640 medium (pH 7.38) supple-
mented with 10 mM HEPES, 1% ITS", 1 uM dexamethasone, 100 IU penicillin/mL,
and 100 pg streptomycin/mL. Cells were incubated at 37 °C in a 5% CO; humidified
incubator. After 4 h, cells were washed with PBS to remove any unattached or dead
cells, and the same medium supplemented with 1% 1TS" and 0.1 pM dexamethasone
was added. Thereafter, the medium was changed daily. The protocol for each exper-
iment is described in the corresponding figure legend. The rats were treated in com-
pliance with the Guide for the Care and Use of Laboratory Animals.

2.3. Western blotting

Cells were washed twice with cold PBS and were harvested in 200 pL of 20 mM
potassium phosphate buffer (pH 7.0). Cell homogenates were centrifuged at 9000g
for 30 min at 4 °C. The protein content of the supernatant was measured by using
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the Coomassie Plus Protein Assay Reagent Kit (Pierce Chemical Company, Rockford,
IL). Sodium dodecyl sulfate polyacrylamide gels made with 7.5% polyacrylamide
were prepared as described by Laemmli (1970). For Akt, and c-jun 20 pg of cellular
protein was used, and for GSTP, 4 ng of cellular protein was used. After electro-
phoresis, the separated proteins were transferred to polyvinylidene difluoride
membranes. The nonspecific binding sites in the membranes were blocked with
5% nonfat dry milk in 15 mM Tris-150 mM NaCl buffer (pH 7.4) at room tempera-
ture for 2 h. After blocking, the membrane was incubated with anti-phospho
Akt, anti-phospho-]NK1/2, anti-phospho-ERK1/2, and anti-phospho-p38 and anti-
phospho c-jun or anti-Akt, anti-]JNK1, anti-ERK1/2, anti-p38, anti-c-jun, and anti-
c-fos antibodies at 4 °C overnight. Thereafter, the membrane was incubated with
the secondary peroxidase-conjugated anti-rabbit or anti-mouse IgG at 37 °C for
1 h, and the immunoreactive bands were developed by use of the Western Light-
ning™ Plus-ECL kit (PerkinElmer, Waltham, MA).

2.4. Gene silencing experiments

Transfection experiments with small interfering RNA (siRNA) against p85a, a
regulatory subunit of PI3K, were performed using a smart-pool of four specific siR-
MNAs (Dharmacon catalog # |-080078-05, Thermo Fsher Scientific, Lafayette, CO)
targeting rat PI3K (NM_013005). The four siRNAs against the rat p85ax gene
are (1) ACCUAUUGCGAGGGAAA, (2) CGAGAUGCAUCCACUAAAA, (3) GAUAAUGC-
AUAAUCACGAU, and (4) UAUGAGGAAUACACUCGUA. A targeting control-pool
siRMNA was also tested. Cells were transfected with Dharmafect 1 according to the
manufacturer's instructions. Cells were plated at a density of 1.2 x 108 cells in
3.5 cm? dishes one day before transfection with 20 nM p85c or non-targeting con-
trol-pool siRNA for 24 h. Cells were then treated with 40 uM andrographolide in
RPMI-1640 medium. Cell samples were collected for Western blotting analysis
and EMSA

2.5. Preparation of nuclear extract

Rat primary hepatocytes were pretreated with or without PI3K inhibitors, wort-
mannin or LY294002, for 1h and were then treated with dimethylsulfoxide ( DMSO)
or andrographolide for 3 h and were washed twice with cold PBS followed by scrap-
ing from the dishes with PBS. Cell homogenates were centrifuged at 2000g for
5 min. The supernatant was discarded, and the cell pellet was allowed to swell on
ice for 15 min after the addition of 200 pL of hypotonic buffer containing 10 mM
HEPES, 10 mM KCI, 1 mM MgCl,, 1 mM EDTA, 0.5mM DTT, 4 pg/mL leupeptin,
20 pg/mL aprotinin, 0.5% Nonidet P-40, and 0.2 mM phenylmethylsulfonyl fluoride.
After centrifugation at 6000g for 15 min, pellets containing crude nuclei were resus-
pended in 50 pL of hypertonic buffer containing 10 mM HEPES, 400 mM KCI, 1 mM
MgClz, 1 mM EDTA, 0.5 mM DTT, 4 pg/mL leupeptin, 20 ng/mL aprotinin, 10% glyc-
erol, and 0.2 mM phenylmethylsulfonyl fluoride at 4 °C for 30 min. The samples
were then centrifuged at 20,000g for 15 min. The supernatant containing the
nuclear proteins was collected and stored at —80 °C until the electrophoretic mobil-
ity shift assay (EMSA).

2.6. Immunoprecipitation

Nuclear extracts were diluted to 1 pg/uL with IP buffer (40 mM Tris-HCI [pH
7.5], 1% NP-40, 150 mM NaCl, 5 mM EGTA, 1 mM DTT, 1 mM PMSF, 20 mM NaF,
1 png/mLaprotinin, 1 pg/mLleupeptin, and 1 mM sodium vanadate). The diluted nu-
clear extracts (60 ng) were incubated with 0.8 pg anti-c-jun or anti-c-fos antibody
for 16 h at 4 °C, then mixed with 4 pL protein A-Sepharose suspension (0.1 mg/mL),
and incubated at 4°C for an additional 1h. Immunoprecipitates and the
supernatants were collected by centrifugation at 16,000g for 2 min. The pellet
was washed with 200 pL of IP buffer three times and was then subjected to Western
blotting.

2.7. Electrophoretic mobility shift assay

EMSA was performed according to our previous study (Cheng et al., 2004). The
LightShift Chemiluminescent EMSA Kit (Pierce Chemical Company, Rockford, IL)
and synthetic biotin-labeled double-stranded AP-1 consensus oligonucleotides ( for-
ward: 5-GCCTCAGCTGGTAAATGGATAA-3", reverse: 5 -AAAGGCCCCAGAGCCAGCC-3')
were used to measure AP-1 nuclear protein-DNA-binding activity (Tsai et al., 2007).
Four micrograms of nuclear extract, poly (dl-dC), and biotin-labeled double
stranded AP-1 oligonucleotide were mixed with the binding buffer (LightShift EMSA
Kit; Pierce Chemical Co., Rockford, IL) to a final volume of 20 pL, and the mixture
was incubated at room temperature for 30 min. Unlabeled double-stranded AP-1
oligonucleotide and a mutant double-stranded oligonucleotide were used to con-
firm the protein-binding specificity. The nuclear protein-DMA complex was sepa-
rated by electrophoresis on a 6% TBE-polyacrylamide gel and was then
transferred to a Hybond-N" nylon membrane. The membranes were cross-linked
by UV light for 10 min and were then treated with 20 pL of streptavidin-horseradish
peroxidase for 20 min, and the nuclear protein-DNA bands were developed with a
SuperSignal West Pico kit (Pierce Chemical Co.).



C-Y. Lu et al /Food and Chemical Toxicology 49 (2011) 281-289

2.8. Determination of purity of andrographolide

For determining the purity of andrographolide, andrographolide was dissolved
in acetonitrile to obtain a final concentration of 30 and 100 pg/mL, respectively. Ten
microliters of acetonitrile and andrographolide solutions were injected onto a Hit-
achi-L7400 Series LC System (Tokyo, Japan) equipped with an ultraviolet (UV)
detector set to 254 nm. An Agilent Eclipse-C8 reversed-phase column (5 pm,
150 = 3.0 mm) was used. The mobile phase consisted of acetonitrile (Solvent A)
and de-ionized water (Solvent B). The flow rate was 0.5 mL/min, and the total run-
ning time was 60 min. The gradient system was 90% B to 10% B (0~45 min), 10% B to
90% B (45~50 min), 90% B to 90% B (50~60 min). The column temperature was at
ambient temperature (25°C). The retention time of andrographolide was
19.8 min. The purity of andrographolide was calculated by dividing the peak area
of andrographolide by the sum of peak area of all measurable peaks (without the
solvent peak) = 100%.

2.9, Statistical analysis

Data were analyzed by using analysis of variance (SAS Institute, Cary, NC). The
significance of the difference among mean values was determined by one-way anal-
ysis of variance followed by the Tukey's test. Pvalues <0.05 were taken to be statis-
tically significant.

3. Results

3.1. Effect of andrographolide on Akt phosphorylation in rat primary
hepatocytes

In our previous study, we found that andrographolide-induced
GSTP gene expression was significantly inhibited by wortmannin,
a PI3K inhibitor, in rat primary hepatocytes (Chang et al., 2008). To
clarify the importance of the PI3K/Akt signaling pathway in the
induction of GSTP by andrographolide, we treated rat primary hepa-
tocytes with 40 pM andrographolide for 0, 0.25, 0.5, 1 and 3 h. As
shown in Fig. 1A, a significant and maximal phosphorylation of Akt
was observed after 0.5 h (P < 0.05), and phosphorylation declined
thereafter. Furthermore, Akt phosphorylation was induced by
andrographolide in a dose-dependent manner (Fig. 1B). Previous
studies showed that the JNK and ERK signaling pathways participate
in the induction of GSTP expression mediated by diallyl disulfide and
diallyl trisulfide in rat primary hepatocytes (Tsai et al., 2007, 2005).
However, as shown in Fig. 1C, we observed no significant phosphor-
ylation of NK, ERK, or p38 in rat primary hepatocytes treated with
40 uM andrographolide for 0, 0.25,0.5,1,and 3 h.

3.2. Effect of andrographolide on c-jun phosphorylation

AP-1 regulates the expression of a wide variety of genes in-
volved in various biological processes, including cell proliferation,
differentiation, transformation, apoptosis, inflammation, and im-
mune responses (Reddy and Mossman, 2002). Our previous study
showed that the upregulation of GSTP expression by diallyl disul-
fide and diallyl trisulfide is via an AP-1-dependent pathway (Tsai
et al.,, 2007). To determine the role of AP-1 in andrographolide-
induced GSTP expression, we assayed the phosphorylation of
c-jun in hepatocytes treated with 40 pM andrographolide for 0,
0.5, 1, 3, and 6 h. As shown in Fig. 2, phosphorylation of c-jun
began at 0.5 h and maximal activation of c-jun was observed at
3 h and declined thereafter.

3.3. Effects of PI3K inhibitors on andrographolide-induced c-jun
phosphorylation

To demonstrate the important role of the PI3K/Akt pathway in
c-jun activation, hepatocytes were pretreated with PI3K inhibitors,
wortmannin and LY294002, for 1 h, followed by incubation with
40 pM andrographolide for another 3 h. As shown in Fig. 3, both
inhibitors significantly inhibited andrographolide-induced c-jun
phosphorylation.
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Fig. 1. Effect of andrographolide on Akt phosphorylation and MAPKs activation in
rat primary hepatocytes. After attachment, (A) hepatocytes were treated with
40 uM andrographolide for various time periods and Akt phosphorylation was
determined, (B) hepatocytes were exposed to various concentrations of androgra-
pholide and Akt phosphorylation was determined, or (C) hepatocytes were treated
with 40 uM andrographolide for various time periods and activation of various
MAPKs was determined. Aliquots of total protein (20 pg) were used for Western
blot analysis. Values are mean + 5D, n = 3. The levels in control cells were set at 1.
Values not sharing the same letter are significantly different (P <0.05).
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3.4. Effect of PI3K siRNA on the andrographolide-induced
phosphorylation of Akt and c-jun and GSTP expression

To further demonstrate the role of the PI3K signaling pathway
in the regulation of andrographolide-induced GSTP gene expres-
sion, we transfected siRNA of p85a (siPI3K), a regulatory subunit
of PI3K, in rat primary hepatocytes to knock down p85a. The
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p-c-jun—> | [ ..
CHUN > | s ST TR S SR
B-actin—> | —" e—— —— —— e——

p-c-jun/ ¢-jun (fold of control)

LRSI LR o ® N
T T T
Le]
O
-_| 8
(3]

, I
0

Fig. 2. Effect of andrographolide on c-jun phosphorylation in rat primary hepato-
cytes. After attachment, hepatocytes were treated with 40 uM andrographolide for
various time periods. Aliquots of total protein (20 pg) were used for Western blot

analysis. Values are mean £ SD, n=3. The levels in control cells were set at 1. Values
not sharing the same letter are significantly different (P < 0.05).
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Fig. 3. Effects of PI3K inhibitors on andrographolide-induced c-jun phosphorylation
in rat primary hepatocytes. After attachment, hepatocytes were pretreated with
PI3K inhibitors, wortmannin and LY294002, for 1 h, and then treated with 40 uM
andrographolide for another 3 h. Aliquots of total protein (20 pg) were used for
Woestern blot analysis. Values are mean + 5D, n = 3. The levels in control cells were
set at 1. Values not sharing the same letter are significantly different (P< 0.05).
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efficiency of the siRNA SMARTpool system to knock down PI3K
was assayed by Western blot (Fig. 4A). siPI3K abolished the
andrographolide-induced phosphorylation of Akt and c-jun
(Fig. 4B and C) and GSTP protein expression (Fig. 4D). These data
suggest that PI3K/Akt-mediated c-jun activation is involved in
the andrographolide-induced GSTP gene expression.

3.5. Andrographolide induces AP-1 nuclear protein DNA-binding
activity via the PI3K/Akt pathway in rat primary hepatocytes

As described above, activation of c-jun via the PI3K/Akt path-
way is involved in andrographolide-induced GSTP expression in
rat primary hepatocytes. We next performed an EMSA to deter-
mine whether the PI3K/Akt pathway plays an important role in
andrographolide-mediated AP-1 DNA-binding activity. As shown
in Fig. 5A, both PI3K inhibitors suppressed andrographolide-
induced AP-1 nuclear protein DNA-binding complex formation. In

(A) 24 h
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pP85a —=> | w— -
GAPDH—> | s
(B) siPI3K  NTC NTC  +
Andrographolide (40 uM) — + R
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p-c-jun —=> - — -
Cun > | E—— — —
GAPDH —> | D W
(D) siPIBK  NTC NTC  +
Andrographolide (40 pm) — + +
GSTP —> . -
GAPDH =2 | e s “ss

Fig. 4. Effect of PI3K siRNA on the andrographolide-induced phosphorylation of Akt
and c-jun and GSTP expression in rat primary hepatocytes. After attachment,
hepatocytes were transiently transfected with non-targeting control siRNA (NTC) or
siPI3K for 24 h, followed by treatment with or without 40 uM andrographolide. Akt
phosphorylation was observed at 0.5 h, c-jun phosphorylation was observed at 3 h,
and GSTP expression was observed at 48 h. Aliquots of total protein (20 pg) were
used for Western blot analysis. (A) Cells were transfected with non-targeting
control siRNA or siPI3K for 24 h. (B) The blot was probed with anti-phospho-Akt
(Thr’*"®) antibody. (C) The blot was probed with anti-phospho-c-jun antibody. (D)
The blot was probed with anti-GSTP antibody. One representative immunoblot out
of three independent experiments is shown.
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addition, transient transfection with siPI3K abolished AP-1 nuclear
protein DNA-binding complex formation (Fig. 5B).

3.6. c-Jun and c-fos involvement in andrographolide-induced AP-1
nuclear protein DNA-binding complex formation

As shown in Figs. 3A and 4C, the andrographolide-induced
phosphorylation of c-jun was significantly inhibited by both PI3K
inhibitors and siPI3K. Additionally, andrographolide-induced
AP-1 nuclear protein DNA-binding complex formation was attenu-
ated by both PI3K inhibitors and siPI3K (Fig. 5). AP-1 is a transcrip-
tion factor mainly composed of Jun-Jun homodimer or Jun-Fos
heterodimer (Reddy and Mossman, 2002). To further identify
whether the nuclear proteins bound to the AP-1 binding site were
c-jun and c-fos, we performed immunoprecipitation experiments
with anti-c-jun or anti-c-fos antibody and a supershift experiment
with anti-c-jun or anti-c-fos antibody, respectively. As shown in
Fig. 6A, nuclear accumulation of c-fos after immunoprecipitation
with anti-c-jun antibody and nuclear accumulation of c-jun after
immunoprecipitation with anti-c-fos antibody were demonstrated
in andrographolide-treated cells. This result suggested that nuclear

(A) Wortmannin(1pM) — —  + —
LY294002 25 pM) — — — 4+
Andrographolide (40 pM) - 4+ 4+ 4+ mut cold
AP-1 = — — —
Fold of contrel 1 €32 111 134 6 1.5
(B) NTC + + —
siPI3K = = +
Andrographolide (40 pM) — +  + mut cold
AP-1 = -— L

Fold of control 1 661 105 527 138

Fig. 5. Andrographolide induces AP-1 nuclear protein DNA-binding activity via the
PI3K/Akt pathway in rat primary hepatocytes. After attachment, (A) hepatocytes
were pretreated with PI3K inhibitors, wortmannin and LY294002, for 1 h or (B)
were transiently transfected with non-targeting control siRNA or siPI3K for 24 h.
After PI3K inhibitors or siRNA transfection, hepatocytes were treated with 40 uM
andrographolide for an additional 3 h. Aliquots of nuclear extracts (4 ng) were used
for EMSA. To confirm the specificity of the nucleotide, 600-fold cold probe (biotin-
unlabeled AP-1 binding site) and biotin-labeled double-stranded mutant AP-1
oligonucleotide (2 ng) were included in the EMSA. One representative experiment
out of three independent experiments is shown.
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c-fos/c-jun heterodimer increases with andrographolide treat-
ment. Although no supershift data observed, anti-c-jun and anti-
c-fos antibodies decreased nuclear protein binding to the AP-1
oligonucleotide (Fig. 6B), and this implicated the components in
nuclear protein binding to AP-1 oligonucleotide were c-jun and
c-fos.

4. Discussion

GST, which is one of the phase Il drug metabolizing enzymes,
plays an important role in the biotransformation system. GST cat-
alyzes the conjugation of glutathione with xenobiotic-derived and
endogenous electrophiles and facilitates the excretion of conju-
gates. In mammalian cells, GST is classified into Alpha, Mu, Pi, The-
ta, Sigma, Kappa, and Omega classes (Lu, 1999; Sheehan et al.,
2001; Zablotowicz et al., 1995). GSTP has been associated with
the carcinogenic process and with anti-neoplastic drug resistance
in cancer cells (Hayes and Pulford, 1995; Henderson et al., 1998).
GSTP was recognized as a marker in several rat hepatocarcinogen-
esis models because of its over-expression within hepatocellular
foci and neoplasms (Perez-Carreon, 2009). Several studies have ad-
dressed the regulation of GSTP expression, and previous studies
have shown that hepatic GSTP is induced by both nutrient and
non-nutrient factors (Chang et al., 2008; Chen et al., 2001; Liu
et al.,, 2009; Milbury et al., 2007; Tsai et al., 2005).

Fourteen flavonoids and 13 diterpenoids have been isolated
from A. paniculata (Chen et al., 2006a,b), and andrographolide is
the most abundant diterpenoid. To determine the storage stability
of andrographolide, the purity of androgarpholide used was deter-
mined by HPLC. The results showed the purity of andrographolide
crystalline is 98% (Fig. 7). Andrographolide has been shown to
have anti-HIV, immunostimulatory, anti-inflammatory, and anti-
hepatotoxic activities (World Health Organization, 2002). Li et al.
(2007) indicated that andrographolide can induce cell cycle arrest
at the G2/M phase and cell death in HepG2 cells. A recent study
showed that andrographolide can inhibit the migration and inva-
sion of human non-small-cell lung cancer cells (Lee et al., 2010).
Such evidence suggests that andrographolide has anti-tumor cell
growth properties and inhibits tumor progression. Andrographo-
lide was also shown to have antioxidant activity via the upregula-
tion of a large number of antioxidant enzymes, such as the
y-glutamate cysteine ligase catalytic subunit and modifier subunit
(Woo et al., 2008). The effective dose of andrographolide in differ-
ent biological processes varies depending on cell type. In the pres-
ent study, we used 40 uM andrographolide to treat rat primary
hepatocytes, which was a dose we found in our previous study
not to inhibit cell growth (Yang et al., 2010). The tested compound
andrographolide dissolves well in culture medium. We do not
know whether 40 pM andrographolide is the physiologically
achievable level, however, 1-40 uM andrographolide shows a
dose-response effect on Akt phosphorylation (Fig. 1B). In our previ-
ous study, andrographolide (2.5-7.5 uM) was found to inhibit the
TNF-a-induced expression of ICAM-1 in a dose-dependent manner
and result in a decrease in HL-60 cell adhesion to EA.hy926 cells
(Yu et al., 2010). We will try the lower concentration of androgra-
pholide for a longer time period in our future study to determine
the function of physiologically achievable level of andrographolide.

Andrographolide regulates the expression of different genes
through distinct signal transduction pathways. In human cancer
cells, andrographolide inhibits the Janus-activated kinase/signal
transducers and activator of transcription 3 (JAK-STAT3) pathway
and reduces its downstream protein expression, including Bcl-xL,
Mcl-1, and cyclin D1 (Zhou et al., 2010). Lipopolysaccharide-
induced TNF-a production is suppressed by andrographolide, and
this effect is via its inhibition of the ERK1/2 pathway in mouse



C-Y. Lu et al /Food and Chemical Toxicology 49 (2011) 281-289

IP: c-jun
(A) nuclear pellet supernatant
Andrographolide (40 pM) - + - +
IB: c-fos ‘ : ‘ ._‘ !_ :
% -
IP: c-fos
nuclear pellet supernatant
Andrographolide (40 uM) - + - +
IB: ¢cjun —> n
(B)
Andrographolide (40 uM) — + + + -+ -+
supernatant after IP: c-jun  — o e s : o -
supernatant after IP: c-fos  — - = & = -
Ab ¢-jun = = o= = e
Ab c-fos _ _ - - + mut  cold
AP-1 — . - W .
Feld of centrel 1 820 131 123 279 307 853 1.91

Fig. 6. Andrographolide-induced abundant constitutive c-jun and c-fos/AP-1 DNA-binding activity in rat primary hepatocytes. After attachment, hepatocytes were treated
with or without 40 uM andrographolide for 3 h. (A) Immunoprecipitation of c-jun and c-fos in the nuclear extracts of andrographolide-treated cells. Western blot analysis was
used to detect c-fos and c-jun protein in the pellets and supernatants which were pulled down by anti-c-jun and anti-c-fos antibodies, respectively. (B) Aliquots of nuclear
extracts (8 pg) and the supernatants after immunoprecipitation with anti-c-jun or anti-c-fos antibodies were used for EMSA. To identify the proteins bound to the AP-1
binding site, anti-c-jun and anti-c-fos antibodies were used and EMSA supershift assay was performed. To confirm the specificity of the nucleotide, 600-fold cold probe
(biotin-unlabeled AP-1 binding site) and biotin-labeled double-stranded mutant AP-1 oligonucleotide (2 ng) were included in the EMSA. One representative experiment out

of three independent experiments is shown.

peritoneal macrophages (Qin et al., 2006). In addition, androgra-
pholide inhibits the TNF-a-induced NF-kB signaling pathway and
reduces the expression of the cell adhesion molecule E-selectin
in human umbilical vein endothelial cells (Xia et al., 2004).

PI3K was found to activate phosphoinositide-dependent protein
kinase-1 (PDK-1) and PDK-2 upon phosphorylation. Akt is a cyto-
solic protein that is recruited to the plasma membrane upon acti-
vation of PI3K ( Andjelkovic et al., 1997). On the plasma membrane,
Akt is phosphorylated by PDKs and then translocates through the
cytosol to the nucleus (Andjelkovic et al., 1997). Akt has two phos-
phorylation residues, Thr’®® and Ser*”3. PDK-1 is identified to phos-
phorylate Thr?®® of Akt, and PDK-2 phosphorylates Ser*”® (Alessi
et al., 1997). Many phytochemicals, such as curcumin, resveratrol,
epigallocatechin-3-gallate, indole-3-carbinol, diindolylmethane,
carnosol, and andrographolide, are considered to modulate the
PI3K/Akt signaling pathway (Chang et al., 2008; Chen and Kong,
2005; Choi et al., 2008; Manson et al., 2007; Martin et al., 2004;
Neergheen et al., 2009; Roy et al., 2009). For instance, curcumin
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was found to down-regulate P-glycoprotein expression by inhibit-
ing the PI3K/Akt pathway in multidrug-resistant L1210/Adr cells
(Choi et al., 2008). In another study, Roy et al. (2009) showed that
resveratrol suppresses 7,12-dimethylbenz(a)anthracene-induced
mouse skin tumorigenesis by abolishing the PI3K/Akt pathway.
In addition, carnosol was found to upregulate HO-1 gene expres-
sion by activating the PI3K/Akt pathway (Martin et al., 2004). In
our previous study, we showed that A. paniculata and its bioactive
diterpene andrographolide upregulate GSTP gene expression in rat
primary hepatocytes via the PI3K/Akt signaling pathway (Chang
et al., 2008). Although the same result was found in the present
study, we presented a new finding that PI3K/Akt activates AP-1
which is involved in andrographolide-induced GSTP expression
(Fig. 5). In the present study, we found that andrographolide signif-
icantly induced phosphorylation of Thr*"® of Akt (Fig. 1) and that
wortmannin suppressed the andrographolide-induced GSTP
expression, as reported previously (Chang et al., 2008). These find-
ings suggest that the PI3K/PDK-1/Akt signaling pathway plays a
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Fig. 7. HPLC/UV chromatograms of (A) blank (acetonitrile), (B) 30 pg/mL androg-
rapholide, and (C) 100 pg/mL andrographolide. The retention time of peak 1
(andrographolide) was 19.8 min.

critical role in andrographolide-induced GSTP expression in rat pri-
mary hepatocytes.

AP-1 is one kind of transcription factor that modulates the
expression of numerous genes involved in cellular adaptation, dif-
ferentiation, and proliferation (Surh, 2003). Neergheen et al. (2009)
indicated that resveratrol, gingerol, capsaicin, and ginsenosides can
influence AP-1 activation. In human leukemia cells, c-jun was
shown to bind to the GSTP gene promoter (Borde-Chiche et al.,
2001). Tsai et al. (2007) suggested that AP-1 is an important tran-
scription factor for GSTP gene expression by diallyl disulfide and
diallyl trisulfide. In addition, sulforaphane, alpha-lipoic acid, and
dihydrolipoic acid were shown to induce enzyme activity and gene
expression of GSTP, and this induction was associated with the AP-
1 and Nrf2 transcription factors (Lii et al., 2010).

Several studies have shown that GSTP gene expression is mod-
ulated by various phytochemicals through different signaling path-
ways, such as JNK, ERK, and p38 (Bergelson et al., 1994; Duvoix
et al., 2004; Reddy and Mossman, 2002; Tsai et al., 2007 ). However,
those pathways were not involved in the andrographolide-induced
GSTP expression in our cell model system. Although the role of the
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PI3K/Akt signaling pathway in andrographolide-induced GSTP
expression has been explored in rat primary hepatocytes (Chang
et al., 2008), the downstream molecule of the PI3K/Akt pathway
in this induction had not been identified. The results of Figs. 1
and 2 show that andrographolide can induce Akt and c-jun phos-
phorylation. These results suggest that AP-1 activation by androg-
rapholide is possibly through the PI3K/Akt pathway rather than the
MAPK pathway.

To further demonstrate the critical role of PI3K in andrographo-
lide-induced GSTP gene expression, we used siPI3K to knock down
the expression of PI3K and reduce its downstream molecule activa-
tion and the expression of its target genes. As shown in Figs. 4 and
5, siPI3K acted like the PI3K inhibitors wortmannin and LY294002
and suppressed the andrographolide-induced phosphorylation of
Akt and c-jun, AP-1 DNA-binding activity, and GSTP expression.
These data implicate the PI3K/Akt signaling pathway and the AP-
1 transcription factor in andrographolide-induced GSTP gene
expression.

We were also interested in investigating which transcription
factor is the main target of the PI3K/Akt signaling pathway in the
andrographolide induction of GSTP. Among the possible candi-
dates, AP-1 seemed to be the most attractive because several lines
of evidence have suggested the possible participation of AP-1/Jun
family members in the regulation of GSTP gene expression by bind-
ing to the enhancer element GPE1 (Angel et al., 1987; Okuda et al.,
1989; Sakai et al., 1988). In the present study, we noted a dramatic
increase in c-jun phosphorylation (Fig. 2) and AP-1 translocation
into the nucleus (Fig. 6A) as well as in the DNA-binding activity
of AP-1 (Fig. 6B) in cells treated with andrographolide. c-Fos and
c-jun are components of transcription factor AP-1, and fos/jun het-
erodimers are the most active. To identify whether the nuclear pro-
teins bound to the AP-1 response element were c-jun and c-fos, we
performed immunoprecipitation with anti-c-jun or anti-c-fos anti-
body and a supershift experiment with anti-c-jun or anti-c-fos
antibody, respectively. As shown in Fig. 6A, nuclear accumulation
of c-fos after immunoprecipitation with anti-c-jun antibody and
nuclear accumulation of c-jun after immunoprecipitation with
anti-c-fos antibody were demonstrated in andrographolide-treated
cells. This result suggested that nuclear c-fos/c-jun heterodimer in-
creases with andrographolide treatment. Anti-c-jun and anti-c-fos
antibodies were used to perform the supershift experiment.
Although no supershift data observed, anti-c-jun and anti-c-fos
antibodies decreased nuclear protein binding to the AP-1 oligonu-
cleotide (Fig. 6B). It might be because the anti-c-jun and anti-c-fos
antibodies compete with AP-1 oligonucleotide for the same bind-
ing site on c-jun and c-fos. The results implicate the importance
of c-jun and c-fos in andrographolide-induced AP-1 nuclear protein
DNA-binding complex formation. Thus, we showed that AP-1 likely
participates in upregulating GSTP transcription.

MAPKs are known to be the upstream activator of AP-1, and
several studies have reported that GSTP gene expression is modu-
lated by various phytochemicals through the MAPKs-AP-1 signal-
ing pathway (Reddy and Mossman, 2002; Tsai et al., 2007;
Bergelson et al., 1994; Duvoix et al., 2004). However, the lack of
change in JNK, ERK, and p38 phosphorylation in the presence of
andrographolide in the present study (Fig. 1C), therefore, the
possible involvement of MAPK signaling pathways in p-cJun was
excluded and no MAPK inhibitors were tested. The results suggest
that AP-1 activation is not likely to be via the MAPK pathway
(Fig. 1C). Instead, we found that wortmannin and LY294002 sup-
pressed the andrographolide-induced phosphorylation of AKkt,
which resulted in abolishing c-jun activation (Fig. 3) and AP-1
DNA-binding activity (Fig. 5A). Furthermore, the experiment with
siPI3K clearly showed that knock down of PI3K expression abol-
ishes the DNA-binding activity of AP-1 and also the induction of
GSTP expression by andrographolide (Figs. 4D and 5B). Taken
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Fig. 8. Model showing the pathways that mediate andrographolide-induced GSTP
expression in rat primary hepatocytes.

together, these data implicate the PI3K/Akt-AP-1 and not the
MAPK-AP-1 signaling pathway in the andrographolide induction
of GSTP gene expression.

The findings of the present study are summarized schematically
in Fig. 8. We propose that andrographolide-induced GSTP expres-
sion is mediated by the PI3K/Akt signaling pathway and the AP-1
transcription factor in rat primary hepatocytes.
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