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ABSTRACT: Several lines of evidence indicate that inflammation and endothelial cell dysfunction are important initiating events in
atherosclerosis. Tumor necrosis factor-R (TNF-R), a pro-inflammatory cytokine, induces the expression of cell adhesion molecules
and results in monocyte adherence and atheromatous plaque formation. Andrographolide (AP) is a major bioactive diterpene
lactone in Andrographis paniculata that has anti-inflammatory activity. A previous study demonstrated the role of heme oxygenase 1
(HO-1) in the inhibition of TNF-R-induced ICAM-1 expression by AP. The present study investigated the effect of AP on the IKK/
NF-κB signaling pathway, which mediates TNF-R-induced ICAM-1 expression in EA.hy926 cells. Similar to the previous study, AP
inhibited TNF-R-induced ICAM-1 mRNA and protein levels, its expression on the cell surface, and subsequent adhesion of HL-60
cells to EA.hy926 cells. AP inhibited TNF-R-induced κB inhibitor (IκB) kinase (IKK) and IκBR activation, p65 nuclear
translocation, NF-κB and DNA binding activity, and promoter activity of ICAM-1. Although AP increased the intracellular cAMP
concentration and induced the phosphorylation of cAMP response element-binding protein (CREB), knocking down CREB
protein expression by transfecting the cells with CREB-specific small interfering RNA did not relieve the inhibition of ICAM-1
expression by AP. Taken together, these results suggest that AP down-regulates TNF-R-induced ICAM-1 expression at least in part
via attenuation of activation of NF-κB in EA.hy926 cells rather than through activation of CREB. The results suggest that AP may
have potential as a cardiovascular-protective agent.
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’ INTRODUCTION

Andrographis paniculata (Burm. f) Nees (Acanthaceae), a well-
known traditional medicinal plant in India, Thailand, and China,
has attracted much attention recently because of its potential for
clinical application. A. paniculata contains diterpene lactones,
flavonoids, and polyphenols. Andrographolide is a major bioac-
tive diterpene lactone in A. paniculata, which is concentrated
in the leaves. Many studies have shown that andrographolide
possesses anti-inflammatory,1,2 antitumor,3,4 antiviral,5 antioxi-
dative,6 antihyperglycemic,7 and hepatoprotective 8 properties.
The anti-inflammatory property of andrographolide has been
extensively studied both in vivo and in vitro. Andrographolide
was shown to attenuate ovalbumin-induced airway inflammation
in BALB/c mice through reduced expression of cytokines and
chemokines.2 In human neutrophils, andrographolide prevents
reactive oxygen species (ROS) production and decreases macro-
phage adhesion molecule-1 (Mac-1) expression induced by
N-formyl-methionyl-leucyl-phenylalanine (fMLP). These events
lead to the inhibition of neutrophil adhesion and transmigration.9

Atherosclerosis is a chronic inflammatory response. A parti-
cularly important risk factor is elevated plasma low-density
lipoprotein (LDL). Expression of pro-inflammatory cytokines
and adhesion molecules is increased by activated endothelial
cells, which are stimulated by oxidized-LDL (ox-LDL) or injury
to vessel walls. Leukocyte recruitment and ox-LDLuptake stimulate

the growth of plaque and further formation of fatty lesions.
Reinforcement of inflammation may cause local proteolysis,
plaque rupture, and thrombus formation, which lead to ischemia
and infarction.10 Cytokines and adhesion molecules both play
important roles in leukocyte recruitment. During atherosclerotic
progression, adhesion molecules are involved in the adhesion
and transendothelial migration of leukocytes.11 Kaufmann et al.12

demonstrated adhesion molecule expression at atherosclerotic
plaques by immunohistochemistry. Cytokines including IL-1 and
TNF-R induce the expression of E-selectin, VCAM-1, and ICAM-
1 through NF-κB activation in human endothelial cells.13�15

ICAM-1, a transmembrane glycoprotein, is regarded as an
inflammatory indicator. In comparison with the other transcrip-
tion factor (e.g., AP-1 and STAT) binding sites on the ICAM-1
promoter, the NF-κB binding site plays a critical role in TNF-
R-induced ICAM-1 expression.16 NF-κB is involved in the
regulation of gene expression of inflammatory and immune re-
sponses. TheNF-κB family comprises fivemembers: RelA (p65),
RelB, c-Rel, p50/p105 (NF-κB1), and p52/p100 (NF-κB2). NF-
κB subunits are dimerized and retained in the cytoplasm with
inhibitory protein, IκB. Activation of the IKK complex results in
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the phosphorylation of the IκB family and subsequent degrada-
tion by 26S proteasome. Free NF-κB complex then translocates
to the nucleus and binds to the κB binding site of target genes.17

CREB binding protein (CBP)/p300 is a cofactor that recruits
transcriptional machinery, such as TFIID, TFIIB, and RNA
polymerase II holoenzyme.18 Moreover, it has histone acetyl-
transferase activity, which changes the structure of chromatin and
increases the efficiency of transactivation.19 Competition for
CBP/p300 by different transcription factors has been suggested
to integrate the diverse signaling pathways.20 In the nucleus, the
transcriptional activity of NF-κB and other transcription factors
such as CREB is known to be modulated by CBP/p300.21

It was pointed out that p65 and CREB compete for the same
cofactor, CBP.22 This raises the possibility that NF-κB-mediated
gene expression is attenuated by CREB activation and that this is
due to the competitive binding of CBP between CREB and
p65.23 For instance, treatment of human umbilical vascular
endothelial cells (HUVECs) with forskolin reduces NF-κB-
dependent gene transcription. The suppression effect of forsko-
lin is enhanced by CREB overexpression but reversed by CBP
overexpression.23 This finding explains an increase in intracellu-
lar cAMP levels by PKA activators, including forskolin and cAMP
analogues, and the reduced TNF-R production or IL-1β-induced
ICAM-1 protein expression in human monocytes or primary
endothelial cell cultures, respectively.24,25

In the present study, we investigated the effect of AP on the
IKK/NF-κB signaling pathway, which mediates TNF-R-induced
ICAM-1 expression in EA.hy926 cells. In addition, the role of
CREB in TNF-R-induced ICAM-1 expression by andrographo-
lide was studied. The results of this study will provide a mechan-
ism underlying the anti-inflammatory effect of andrographolide.

’MATERIALS AND METHODS

Reagents. Dulbecco’s modified Eagle’s medium (DMEM), RPMI-
1640, RPMI-1640 (without phenol red), OPTI-MEM, 0.25% trypsin�
EDTA, and penicillin/streptomycin were from GIBCO-BRL (Grand
Island, NY); Hank’s balanced salt solution (HBSS) and fetal bovine
serum (FBS) were from HyClone (Logan, UT); andrographolide (AP)
was from Calbiochem (Darmstadt, Germany); human TNF-R, sodium
bicarbonate, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) were from Sigma (St. Louis, MO); Z-Leu-Leu-Leu-
CHO (MG132) was from Boston Biochem (Cambridge, MA); bis-
(carboxyethyl)carboxyfluorescein acetoxymethyl ester (BCECF-AM)
was from Molecular Probes (Eugene, OR); anti-actin, anti-ICAM-1,
anti-CREB, anti-phospho-CREB (Ser 133), anti-phospho-IκBR (Ser32/
36), and anti-phospho IKKR (Ser180)/ IKKβ (Ser181) antibodies were
from Cell Signaling Technology (Boston, MA); anti-IκBR and anti-
IKKR/β antibodies were from Santa Cruz Biotechnology (Santa Cruz,
CA); anti-p65 antibody was from BD Bioscience (San Jose, CA);
fluorescein isothiocyanate-conjugated mouse anti-human ICAM-1 anti-
body was from Serotec Co. (Kidlington, Oxford, U.K.); and TRIzol
reagent was from Invitrogen (Carlsbad, CA). The biotin-labeled double-
stranded κB consensus oligonucleotide primers for electrophoretic
mobility shift assay (EMSA) were synthesized by MDBio Inc. (Taipei,
Taiwan). Transfection reagent Dharmafect 1, predesigned small inter-
fering RNA (siRNA) against human CREB, and nontargeting pool were
purchased from Dharmacon Research, Inc. (Lafayette, CO).
Cell Cultures. The human endothelial cell line EA.hy926 was a kind

gift from Dr. T. S. Wang, Chung Shan Medical University, Taichung,
Taiwan, and was cultured in DMEM supplemented with 3.7 g/L
NaHCO3, 10% FBS, 100 U/mL penicillin, and 100 μg/mL strepto-
mycin at 37 �C in a 5% CO2 humidified incubator. Human leukemia

promyelocytic cells (HL-60) were purchased from Bioresources Collec-
tion and Research Center (BCRC, HsinChu, Taiwan). The HL-60 cells
were cultured in T-75 tissue culture flasks in RPMI-1640 medium
supplemented with 10% FBS, 100 U/mL penicillin, and 100 μg/mL
streptomycin. Cells were incubated at 37 �C in a 5% CO2 humidified
incubator.
Cell Viability Assay. Cell viability was assessed by the MTT assay

(see Figure S1 of the Supporting Information). The MTT assay
measures the ability of viable cells to reduce a yellow 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide to a purple for-
mazan by mitochondrial succinate dehydrogenase. EA.hy926 cells were
grown to 70�80% confluence and were then treated with different
concentrations of andrographolide (0�20 μM) for 16 h followed by
incubation with TNF-R (1 ng/mL) for another 6 h. Finally, the DMEM
was removed, and the cells were washed with PBS. The cells were then
incubated with MTT (0.5 mg/mL) in DMEM at 37 �C for an additional
3 h. The medium was removed, and isopropanol was added to dissolve
the formazan. After centrifugation at 20000g for 5 min, the supernatant
of each sample was transferred to 96-well plates, and absorbance was
read at 570 nm in an ELISA reader. The absorbance in cultures treated
with 0.1% DMSO was regarded as 100% cell viability.
Nuclear Extract Preparation. After each experiment, cells were

washed twice with cold PBS and were then scraped from the dishes with
1000 μL of 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 μL of hypotonic buffer
containing 10 mM HEPES, 1 mM MgCl2, 1 mM EDTA, 10 mM KCl,
0.5 mM DTT, 0.5% Nonidet P-40, 4 μg/mL leupeptin, 20 μg/mL
aprotinin, and 0.2 mM PMSF. After centrifugation at 7000g for 15 min,
pellets containing crude nuclei were resuspended in 50 μL of hypertonic
buffer containing 10 mMHEPES, 400 mMKCl, 1 mMMgCl2, 0.25 mM
EDTA, 0.5 mMDTT, 4 μg/mL leupeptin, 20 μg/mL aprotinin, 0.2 mM
PMSF, and 10% glycerol at 4 �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 Western
blotting and electrophoretic mobility shift assays.
Western Blot Analysis. After each experiment, cells were washed

twice with cold PBS and were harvested in 150 μL of lysis buffer
(10 mM Tris-HCl, pH 8.0, 0.1% Triton X-100, 320 mM sucrose, 5 mM
EDTA, 1mMPMSF, 1 μg/mL leupeptin, 1 μg/mL aprotinin, and 2mM
dithiothreitol). Cell homogenates were centrifuged at 14000g for 20min
at 4 �C. The resulting supernatant was used as a cellular protein
for Western blot analysis. The preparation of nuclear extracts was
described above. The total protein was analyzed by use of the Coomassie
Plus protein assay reagent kit (Pierce Biotechnology Inc., Rockford, IL).
Equal amounts of proteins were electrophoresed in an SDS�polyacry-
lamide gel, and proteins were then transferred to polyvinylidene fluoride
membranes. Nonspecific binding sites on the membranes were blocked
with 5% nonfat milk in 15 mM Tris/150 mM NaCl buffer (pH 7.4) at
room temperature for 2 h. Membranes were probed with anti-actin, anti-
ICAM-1, anti-CREB, anti-phospho-CREB (Ser 133), anti-phospho-
IκBR (Ser32/36) and anti-phospho IKKR (Ser180)/IKKβ (Ser181),
anti-IκBR and anti-IKKR/β, and anti-p65 antibodies. The membranes
were then probed with the secondary antibody labeled with horseradish
peroxidase. The bands were visualized by using an enhanced chemilu-
minescence kit (PerkinElmer Life Science, Boston, MA) and were
scanned by a luminescent image analyzer (Fujifilm LAS-4000, Japan).
The bands were quantitated with an ImageGauge (Fujifilm).
RNA Isolation and RT-PCR. Total RNA of EA.hy926 cells was

extracted by using TRIzol reagent. After treatment, cells were washed
twice with cold PBS and scraped with 500 μL of TRIzol reagent. Cell
samples were mixed with 100 μL of chloroform and centrifuged at
11000g for 15min. The supernatant was collected and mixed with 250 μL
of isopropyl alcohol. After centrifugation at 12000g for 20 min, the
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supernatant was discarded and the RNA precipitate was stored in 70%
ethanol or dissolved in deionized water for quantification. We used 0.2 μg
of total RNA for the synthesis of first-strand cDNA by using Moloney
murine leukemia virus reverse transcriptase (Promega Co., Madison,
WI) in a 20-μL final volume containing 250 ng of oligo(dT) and 40 U of
RNase inhibitor. PCR was carried out in a thermocycler in a 50-μL
reaction volume containing 20 μL of cDNA, BioTaq PCR buffer, 50 μM
of each deoxyribonucleotide triphosphate, 1.25 mM MgCl2, and 1 U
of BioTaq DNA polymerase (BioLine). Oligonucleotide primers of
ICAM-1 (forward, 50-TGAAGGCCACCCCAGAGGACAAC-30; reverse,
50-CCCATTATGACTGCGGCTGCTGCTACC-30) and glyceraldehyde
3-phosphate dehydrogenase (forward, 50-CCATCACCATCTTCCAG-
GAG-30; reverse, 50-CCTGCTTCACCACCTTCTTG-30) were de-
signed on the basis of published sequences.26 Amplification of ICAM-
1 andGAPDHwas performed by heating samples to 95 �C for 5min and
then immediately cycling 32 times through a 1-min denaturing step at
94 �C, a 1 min annealing step at 56 �C, and a 1-min elongation step at
72 �C. The glyceraldehyde 3-phosphate dehydrogenase cDNA level was
used as the internal standard. PCR products were resolved in a 1%
agarose gel, scanned by using a Digital Image Analyzer (Alpha In-
notech), and quantitated with an ImageGauge.
ICAM-1 Expression on Cell Surfaces. The expression of ICAM-

1 on plasma membranes was measured by fluorescence flow cytometry.
After treatment, cells were suspended in 0.25% trypsin and centrifuged
at 2000g for 5 min. The supernatant was discarded, and the cells were
reacted with fluorescein isothiocyanate-conjugated mouse anti-human
ICAM-1 antibody at 4 �C for 45min in the dark. Cells were washed three
times with cold PBS, and fluorescence was read by use of a Becton
Dickinson FACSCalibur (BD Biosciences, San Jose, CA).
Monocyte Adhesion Assay. EA.hy926 cells in 12-well plates

were allowed to grow to 80% confluence and were then pretreated with
andrographolide for 16 h followed by incubation with 1 ng/mL TNF-R
for another 6 h. Human monocytic HL-60 cells cultured in RPMI 1640
medium with 10% FBS were labeled with 1 μMBCECF-AM. At the end
of andrographolide andTNF-R treatment, a total of 1� 106 BCECF-AM-
labeled HL-60 cells were added to each well, and the cells were co-
incubatedwith EA.hy926 cells at 37 �C for 30min. Thewells were washed
and filled with cell culture medium, and the plates were sealed, inverted,
and centrifuged at 100g for 5 min to remove nonadherent HL-60 cells.

Bound HL-60 cells were lysed in a 1% SDS solution, and the fluores-
cence intensity was determined in a fluoroscan ELISA plate reader
(FLX800, Bio-Tek, Winooski, VT) with an excitation wavelength of
480 nm and an emission wavelength of 520 nm. A control study showed
that fluorescence is a linear function of HL-60 cells in the range of
3000�80000 cells/well. The results are reported on the basis of the
standard curve obtained.
Plasmid, Transfection, and Luciferase Assays. The ICAM-1

promoter-luciferase construct (pIC339, �339 to 0) was a gift from Dr.
P. T. van der Saag (Hubrecht Laboratory, Utrecht, The Netherlands).
pIC339 contains NF-κB (�187/�178), AP-1 (�284/�279), AP-2
(�48/�41), and Sp1 (�59/�53, �206/�201) binding sites.27 EA.
hy926 cells were transiently transfected with 0.1 μg of pIC339 plasmid
and 0.1 μg of β-galactosidase plasmid by using 1 μL of nanofectin (PAA,
Pasching, Austria) in OPTI-MEM medium for 4 h. After transfection,
cells were changed to DMEM and treated with andrographolide for 16 h
before being challenged with TNF-R for an additional 6 h. Cells were
then washed twice with cold PBS, scraped with lysis buffer (Promega),
and centrifuged at 14000g for 3 min. The supernatant was collected for
the measurement of luciferase and β-galactosidase activities by using a
Luciferase Assay Kit (Promega) according to the manufacturer’s in-
structions. The luciferase activity of each sample was corrected on the
basis of β-galactosidase activity, which was measured at 420 nm with
O-nitrophenyl-β-D-galactopyranoside as a substrate. The value for cells
treated with 0.1% DMSO (control) was set at 1.
Electrophoretic Mobility Shift Assay (EMSA). EMSA was

performed according to our previous study.28 The LightShift Chemilu-
minescent EMSA Kit (Pierce Chemical Co., Rockford, IL) and synthetic
biotin-labeled double-stranded κB consensus oligonucleotides (forward,
50-AGTTGAGGGGACTTTCCCAGGC-30; reverse, 50-GCCTGGGA-
AAGTCCCCTCAACT-30) were used to measure NF-κB nuclear pro-
tein�DNA binding activity. Tenmicrograms of nuclear extract, poly(dI-
dC), and biotin-labeled double-stranded NF-κB oligonucleotides were
mixed with the binding buffer (Chemiluminescent Nucleic Acid Detec-
tion Module, Thermo, Rockford, IL) to a final volume of 20 μL, and the
mixture was incubated at 27 �C for 30 min. Unlabeled double-stranded
NF-κB oligonucleotides and mutant double-stranded oligonucleotides
(50-AGTTGAGGCGACTTTCCCAGGC-30) were used to confirm the
protein-binding specificity. The nuclear protein�DNA complex was
separated by electrophoresis on a 6% TBE�polyacrylamide gel and was
then transferred to a Hybond-Nþ nylon membrane. The membranes
were cross-linked byUV light for 10min and were then treated with 20μL
of streptavidin�horseradish peroxidase for 20 min, and the nuclear
protein�DNA bands were developed with a Chemiluminescent Sub-
strate (Thermo). The bands were scanned by a luminescent image
analyzer (Fujifilm LAS-4000).
Intracellular cAMP Measurement. After treatment, cells were

washed twice with cold PBS and lysed and scraped into 200 μL of 0.1 N
HCl. Cell homogenates were centrifuged at 1000g for 10 min. The
resulting supernatant was collected for the measurement of cAMP and
protein. Intracellular cAMP concentrations were measured by using the
cAMP EIA kit (Cayman Chemical Co., Ann Arbor, MI). The protein
content was determined by using the Coomassie Plus protein assay
reagent kit. cAMP concentrations in the control are expressed as 100%,
and the concentrations in the other groups were calculated in compar-
ison with the control.
RNA Interference by Small Interfering RNA of CREB. EA.

hy926 cells were cultured and allowed to grow to 80% confluence. EA.
hy926 cells were transfected with CREB siRNA SMARTpool by using
DharmaFECT1 transfection reagent (Thermo) according to the man-
ufacturer's instructions. The four siRNAs against the human CREB gene
are (1) GAGAGAGGUCCGUCUAAUG, (2) UAGUACAGCUGCC-
CAAUGG, (3) CAACUCCAAUUUACCAAAC, and (4) GCCCAGC-
CAUCAGUUAUUC. A nontargeting control-pool siRNA (NTC) was

Figure 1. Andrographolide (AP) inhibits TNF-R-induced ICAM-1
promoter activity in EA.hy926 cells. Cells transfected with the pIC339
luciferase expression vector were pretreated with andrographolide for 16 h
followed by incubation with TNF-R for an additional 6 h. Cells were
then lysed and analyzed for luciferase activity. Luciferase activity was
assayed as described under Materials and Methods. Induction is shown
as an increase in the normalized luciferase activity in the treated cells
relative to the control. Values are the mean( SD of three independent
experiments. Values not sharing a letter are significantly different (p < 0.05).

http://pubs.acs.org/action/showImage?doi=10.1021/jf104003y&iName=master.img-000.jpg&w=192&h=149
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also tested andwas used as thenegative control. After 8 hof transfection, cells
were treated with andrographolide for 16 h before incubation with TNF-R
for another 6 h. Cell samples were collected for Western blot analysis.
Statistical Analysis.Datawere analyzed by using analysis of variance

(SAS Institute, Cary, NC). The significance of the difference among mean
values was determined by one-way analysis of variance followed by the
Tukey’s test. p values of <0.05 were taken to be statistically significant.

’RESULTS

Andrographolide Inhibits TNF-r-Induced ICAM-1 Expres-
sion andHL-60 Cell Adhesion in EA.hy926Cells. Similar to our
previous study,41 AP inhibited TNF-R-induced ICAM-1 mRNA

and protein levels, its expression on the cell surface, and subse-
quent adhesion of HL-60 cells to EA.hy926 cells (see Figure S3 of
the Supporting Information).
Andrographolide Inhibits TNF-r-Induced ICAM-1 Lucifer-

ase Reporter Activity. To investigate the role of andrographo-
lide in TNF-R-induced ICAM-1 gene transcription, promoter
activity assays were performed with a human ICAM-1 promoter-
luciferase construct, pIC339 (�339 to 0). TNF-R-induced
ICAM-1 promoter activation was inhibited by 5 and 10 μM
andrographolide (Figure 1).
Andrographolide Inhibits TNF-r-Induced Activation of

NF-KB. Several putative recognition sequences for a variety of
transcriptional activators, including AP-1, retinoic acid-response

Figure 2. Andrographolide (AP) inhibits TNF-R-induced activation of NF-κB. (A) Cells were pretreated with 10 μM andrographolide for 16 h
followed by incubation with 1 ng/mL TNF-R for the various time periods. Aliquots of total protein (20 μg) were used for Western blot analysis. Fold
activation is shown as an increase in the normalized phosphorylation in the treated cells relative to the control. (B) Cells were pretreated with 10 μM
andrographolide for 16 h or with 1 μM proteasome inhibitor, MG132, for 1 h followed by incubation with 1 ng/mL TNF-R for various time periods.
Aliquots of total protein (20 μg) were used for Western blot analysis. (C) Nuclear extracts (10 μg) were used for Western blot analysis. (D) Aliquots of
nuclear extracts (10 μg) were used for EMSA. One representative experiment of three independent experiments is shown. For panels A�C, the levels in
control cells were set at 1. Values are themean( SD of three independent experiments. Values not sharing a letter are significantly different (p < 0.05). /,
p < 0.05, indicates significant effect of andrographolide on TNF-R-induced IKKR/β phosphorylation.

http://pubs.acs.org/action/showImage?doi=10.1021/jf104003y&iName=master.img-001.jpg&w=420&h=433
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element (RARE), C/EBP, NF-κB, Ets-1, interferon-stimulated
response element (IRE), Sp1, and AP-2, are present in the
human proximal ICAM-1 promoter-enhancer region (�346 to
�24).29 Among these, NF-κB binding to the κB binding site
plays a critical role in TNF-R-induced ICAM-1 expression by
activating IKKR/β. Accordingly, we next determined whether
NF-κB activation was inhibited by andrographolide. As shown in
Figure 2A, TNF-R induced both IKKR and IKKβ phosphoryla-
tion, and the activation of IKKR and IKKβ was significantly
attenuated by andrographolide pretreatment. In addition to the
activation of IKKR/β, TNF-R caused the phosphorylation and
degradation of IκBR at 5 and 15 min, respectively. However, the
phosphorylation induced by TNF-R was abolished by pretreat-
ment with andrographolide, and the degradation was attenuated
by pretreatment with andrographolide or MG132 (a proteasome
inhibitor) (Figure 2B). To investigate the effect of andrographo-
lide on TNF-R-induced NF-κB activation, the p65 content of the
nucleus was determined by Western blotting. Nuclear transloca-
tion of p65 was induced by TNF-R, and this effect was attenuated
by andrographolide pretreatment (Figure 2C). EMSA further
revealed that TNF-R increased NF-κB nuclear protein�DNA
complex formation and that pretreatment with andrographolide
resulted in the inhibition of NF-κB nuclear protein�DNA
binding activity (Figure 2D).
Andrographolide Increases the Intracellular cAMP Con-

centration and Induces Phosphorylation of CREB in EA.
hy926 Cells. Many studies have reported that NF-κB-mediated
transcription can be counteracted by activation of the cAMP/
PKA/CREB signaling pathway. This effect is due to the competi-
tion for CBP between NF-κB and CREB.23,24 Our previous study
showed that andrographolide elevates intracellular cAMP and
activates CREB in rat primary hepatocytes.30 Therefore, to
investigate whether cAMP and CREB were involved in the
inhibition of ICAM-1 expression by andrographolide, we analyzed
the intracellular cAMP concentration and CREB phosphorylation.
We found that treatment with 10 μM andrographolide for 30 min
resulted in a 20% increase in the intracellular cAMP concentration
(p < 0.05) (Figure 3A) accompanied by an increase in CREB
phosphorylation at 0.5 and 2 h (Figure 3B)
CREB siRNA Shows No Effect on Andrographolide Inhibi-

tion of ICAM-1 Expression in the Presence of TNF-r. To
demonstrate whether competition for CBP byCREBwas involved
in the inhibition of andrographolide, we used CREB siRNA.
Transient transfection with CREB siRNA knocked down CREB
expression in EA.hy926 cells but did not affect the inhibition of
ICAM-1 expression by andrographolide (Figure 3C). These
results suggest that it is likely that CREB is not involved in the
suppression of ICAM-1 by andrographolide.

’DISCUSSION

TNF-R is a well-known pro-inflammatory cytokine that is
commonly found in atherosclerotic lesions31 and that provides
cell signals that result in the activation of NF-κB. The activation
of NF-κB is intimately associated with the development of
inflammatory responses via up-regulation of the expression of
inflammatory mediators.32,33 Many studies have shown that the
TNF-R-induced expression of pro-inflammatory cytokines (e.g.,
IL-6 and IL-1β)34,35 and adhesion molecules (e.g., ICAM-1 and
VCAM-1)16,36 is dependent on NF-κB activation. The increased
expression of pro-inflammatory cytokines and adhesion mol-
ecules enables T cells and endothelial cells to interact with each

Figure 3. Andrographolide (AP) increases the intracellular cAMP
concentration and induces the phosphorylation of CREB, but CREB is
not involved in AP inhibition of TNF-R-induced ICAM-1 expres-
sion in EA.hy926 cells. (A) Cells were treated with 10 μM andro-
grapholide for 30 min. (B) Cells were treated with 10 μM andro-
grapholide for various time periods. Nuclear extracts (15 μg) were used
for Western blot analysis. (C) A CREB siRNA system was used to
silence CREB mRNA in cells and to create an siRNA knockdown EA.
hy926 cell model. Eight hours after transfection, cells were pretreated
with 10 μM andrographolide for 16 h followed by incubation with 1
ng/mL TNF-R for an additional 6 h. Aliquots of total protein (20 μg)
were used for Western blot analysis. The levels in control cells were set
at 1. Values are the mean ( SD of three independent experiments.
Values not sharing a letter are significantly different (p < 0.05). One
representative immunoblot from three independent experiments
is shown.

http://pubs.acs.org/action/showImage?doi=10.1021/jf104003y&iName=master.img-002.jpg&w=210&h=500
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other. TNF-R was reported to up-regulate VCAM-1 expression
via the activation of MAPK pathways in human tracheal smooth
muscle cells37 or through the PKCδ-p38 kinase-linked cascade in
the lung airway epithelium.38 TNF-R was also reported to
enhance ICAM-1 expression via the activation of the phospha-
tidylcholine phospholipase C (PC-PLC)/diacylglycerol (DAG)/
PKC pathway mediated by the TNF-R receptor p55 (TNF-R1)
in well-differentiated normal human bronchial epithelial cells.39

Atherosclerosis is recognized to be a chronic inflammation-
related disease, and the abnormal expression of adhesion mol-
ecules on vessel walls and leukocytes is involved in atherosclero-
tic progression.40 The potent anti-inflammatory activity of
andrographolide has been demonstrated both in vivo and in
vitro.1,2 In our previous study, we showed that andrographolide
inhibits TNF-R-induced ICAM-1 expression in EA.hy926 cells
and HL-60 adhesion and that these actions occur via up-regula-
tion of heme-oxygenase (HO)-1 expression.41 HO-1 is recog-
nized to have both antioxidative and detoxifying properties.42 In
the present study, we examined possible mechanisms other than
the induction of HO-1 expression in the inhibition of TNF-R-
induced ICAM-1 expression by andrographolide. Andrographo-
lide did not inhibit ICAM-1 expression and HL-60 adhesion to
the same extent at 5 μM, and this means monocyte adhesion to
endothelial cells is due to not only ICAM-1 but also any other
gene expression, possibly VCAM-1. We did not use ICAM-1

siRNA to determine the role of ICAM-1 in HL-60 adhesion;
however, Xie et al.43 have demonstrated the role of ICAM-1 in
monocyte adherence to basal or IL-1β-treated decidual endothe-
lial cells by using ICAM-1 MoAb and ICAM-1 siRNA. Their
results may support our data that inhibition of ICAM-1 expres-
sion partially explains the decreased HL-60 adhesion. ICAM-1 is
a membrane protein, and the expression of membrane proteins is
dependent on the balance between their export via the endo-
plasmic reticulum and Golgi apparatus to reach the plasma
membrane and the membrane protein degradation.44 It is
reported that down-regulation of ICAM-1 and VCAM-1 expres-
sion in endothelial cells treated by photodynamic therapy is
mediated by lysosome rather than by 26S proteosome and
calpain pathways.44 In the present study, the decreased TNF-
R-induced cell surface expression of ICAM-1 by andrographolide
may be the result of reduced ICAM-1 transcription and transla-
tion or enhanced cell surface ICAM-1 degradation by unidenti-
fied mechanisms (see Figure S2 of the Supporting Information).

Several signaling pathways are involved in TNF-R-mediated
cellular responses. These are the IKK/NF-κB,45 MAPK,46 PI3K/
Akt,47 PKC,48 and JAK/STAT49 pathways. In addition to NF-κB,
AP-1 is considered to be involved in TNF-R-induced inflamma-
tory gene expression. TNF-R and IFN-γ treatment induces NO
production and iNOS expression in C6 cells, and this action is
through activation of NF-κB, AP-1, and IRF-1 transcription

Figure 4. Model showing the pathways that mediate the inhibition of expression of ICAM-1 and adhesion of HL-60 cells to EA.hy926 cells by
andrographolide under inflammatory conditions. Andrographolide inhibits TNF-R-induced IKK activation, IκBR phosphorylation and degradation, p65
nuclear translocation, and DNA binding activity of NF-κB and, eventually, suppresses ICAM-1 expression and monocyte adhesion. Activation of CREB
is not involved in the inhibition of ICAM-1 expression by andrographolide, and CREB does not compete with NF-κB for CBP in the present study. #, see
ref 55. /, see ref 56.

http://pubs.acs.org/action/showImage?doi=10.1021/jf104003y&iName=master.img-003.jpg&w=330&h=324
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factors.50 Many phytochemicals have been shown to reduce
inflammation because of their effectiveness at blocking NF-κB
activation. For example, curcumin decreases the expression of
ICAM-1, monocyte chemoattractant protein (MCP)-1, and IL-8
induced by TNF-R in HUVECs through the modulation of p38
and STAT-3 in addition to NF-κB and JNK.49 Incensole acetate,
an important compound in the anti-inflammatory agent Boswellia
resin, inhibits TAK/TAB-mediated IKK activation loop phos-
phorylation, which results in the inhibition of cytokine and LPS-
mediated NF-κB activation. Incensole acetate showed a powerful
anti-inflammatory effect in a mouse inflamed paw model.51

Lycopene, a natural carotenoid from tomato and other sources,
has been shown to inhibit TNF-R-induced ICAM-1 expression
in HUVECs, and this action is via attenuation of TNF-R-induced
IκB phosphorylation, NF-κB expression, and NF-κB p65 trans-
location from the cytosol to the nucleus.46 Carnosol, a diterpene
derived from the herb rosemary, abolishes TNF-R-induced NF-
κB nuclear translocation and transcriptional activity and inhibits
TNF-R-induced endothelial ICAM-1 expression and monocyte
adhesion.52 In our study, we observed that TNF-R induced
ICAM-1 promoter activity and that this effect was abolished by
5 and 10 μMandrographolide (Figure 1). To investigate whether
the IKK/NF-κB pathway was involved in the inhibition by
andrographolide, we analyzed IKKR/β phosphorylation, IκBR
phosphorylation and degradation, p65 nuclear translocation, and
the DNA binding activity of NF-κB. Our data clearly disclose that
andrographolide inhibits TNF-R-induced IKKR/β phosphoryla-
tion (Figure 2A) and reduces the phosphorylation and degrada-
tion of IκBR (Figure 2B), p65 nuclear translocation (Figure 2C),
and DNA binding activity of NF-κB (Figure 2D). Thereby, our
results demonstrate that IKK is an andrographolide target in the
NF-κB pathway. In a recent work, inhibition of the IKK/NF-κB
signaling pathway by andrographolide was also found in human
bronchial epithelial cells.2

Several lines of evidence suggest that the cAMP/PKA/CREB
signaling pathway negatively regulates NF-κB-mediated tran-
scription. In human airway smooth muscle cells, pretreatment
with forskolin, dibutyryl cAMP, or isoproterenol inhibits TNF-
R-induced ICAM-1 and VCAM-1 expression.53 In addition,
cilostazol, which increases the intracellular cAMP level, inhibits
THP-1 cell adhesion to HUVECs.54 This suppression was
considered to occur because of competition between p65 and
CREB for the limited amount of CBP. Parry and Mackman23

indicated that the inhibition by forskolin was promoted by
overexpression of CREB and was attenuated by overexpression
of CBP in HUVECs. In our previous study, treatment with 40 μM
andrographolide for 30 min dramatically elevated the intracellu-
lar cAMP concentration by 22-fold and induced phosphorylation
of CREB in rat primary hepatocytes.30 In EA.hy926 cells, we also
observed the cAMP enhancing effect of andrographolide
(Figure 3A), although the magnitude was not as large as that
seen in rat primary hepatocytes.30 The different results in the two
cell culture systems can be attributed to the dose of androgra-
pholide used and the different cell models examined. The
increased cAMP level and CREB phosphorylation in response
to andrographolide raise the possibility that the cAMP/CREB
pathway may play a role in the suppression of TNF-R-induced
ICAM-1 expression. Therefore, to demonstrate the role of CREB
phosphorylation in ICAM-1 expression, we performed knock-
down of CREB with CREB siRNA. It was interesting to note that
silencing CREB expression did not change the inhibitory effect of
andrographolide on TNF-R-induced ICAM-1 expression. This

finding suggests that the cAMP/CREB pathway is not involved
in the inhibition of TNF-R-induced NF-κB activation, and thus
the expression of ICAM-1, by andrographolide.

In summary, andrographolide effectively inhibits TNF-R-
induced ICAM-1 expression and monocyte adhesion in EA.
hy926 cells. This inhibition is at least partially through suppres-
sion of the IKK/NF-κB signaling pathway exerted by androgra-
pholide rather than through modulation of the cAMP/CREB
pathway. Our findings are schematically presented in Figure 4.
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