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Recent studies have demonstrated that transcription factor
nuclear factor (NF)-�B inhibition may contribute to the pro-
tective anti-inflammatory actions of andrographolide, an
abundant component of plants of the genus Andrographis.
However, the precise mechanism by which andrographolide
inhibits NF-�B signaling remains unclear. We thus investi-
gated the mechanism involved in andrographolide suppression
of NF-�B signaling in rat vascular smooth muscle cells
(VSMCs) exposed to proinflammatory stimuli, LPS, and
IFN-�. Andrographolide was shown to suppress LPS/IFN-�-
induced inducible nitric-oxide synthase and matrix metallo-
protease 9 expression in rat VSMCs. Andrographolide also
inhibited LPS/IFN-�-induced p65 nuclear translocation, DNA
binding activity, p65 Ser536 phosphorylation, and NF-�B re-
porter activity. However, IKK phosphorylation and down-
stream inhibitory �B� phosphorylation and degradation were
not altered by the presence of andrographolide in LPS/IFN-�-
stimulated VSMCs. These andrographolide inhibitory actions
could be prevented by selective inhibition of neutral sphingo-
myelinase and protein phosphatase 2A (PP2A). Furthermore,
andrographolide was demonstrated to increase ceramide for-
mation and PP2A activity in VSMCs and to inhibit neointimal
formation in rat carotid injury models. These results suggest
that andrographolide caused neutral sphingomyelinase-medi-
ated ceramide formation and PP2A activation to dephosphor-
ylate p65 Ser536, leading to NF-�B inactivation and subsequent
inducible nitric-oxide synthase down-regulation in rat VSMCs
stimulated by LPS and IFN-�.

The vascular inflammatory response involves complicated
interactions among immunomodulatory cells, endothelial
cells, and vascular smooth muscle cells (VSMCs).3 Persistent

increases in inflammatory cytokines derived from immune
cells, endothelial cells, and VSMCs have been implicated in
vascular dysfunction and vascular diseases, such as athero-
sclerosis, abdominal aortic aneurysms, and hypertension.
These cytokines, including tumor necrosis factors (TNFs),
interleukins (ILs), and interferons (IFNs), interact with spe-
cific receptors and activate signaling cascades leading to a
variety of inflammatory responses involving matrix metallo-
proteinase (MMP) expressions, nitric oxide (NO) and reactive
oxygen species production, and subsequent cell growth, adhe-
sion, and migration (1, 2). In addition, there is increasing evi-
dence from animal models that pattern recognition receptors
(i.e. toll-like receptor 4 (TLR4)) mediate various inflammatory
diseases in the cardiovascular system, including sepsis, septic
shock, and atherosclerosis (3). In sepsis, the vascular endothe-
lium barrier function becomes damaged and is lost (4). The
underlying vascular smooth muscle is thus exposed and acti-
vated by pathogens, resulting in the induction of inducible
nitric-oxide synthase (iNOS) and other inflammatory genes,
leading to vascular collapse (5). In addition to its bactericidal
function, NO derived from iNOS also acts as a potent vasodi-
lator, which facilitates the mobilization of leukocytes into
sites of infection (6). Although NO production is crucial for
host defense, overproduction of NO can disrupt the circula-
tory system and cause vasculature injury, leading to multior-
gan failure (7). NO derived from VSMCs is also known to
contribute to the process of vascular diseases, such as athero-
sclerosis (8). Vascular inflammatory responses induced by
pathogens or cytokines are accompanied by the generation of
peroxynitrite, a potent and vasotoxic molecule formed from
the reaction of NO and superoxide (9). Pharmacological ap-
proaches to diminish the effects of cytokines and pathogens
may provide new strategies for managing inflammatory vas-
cular diseases.
Angrographis paniculae has long been widely used in orien-

tal medicine to alleviate inflammatory disorders. Androgra-
pholide, a major component isolated from the leaves of
A. paniculae, is thus expected to have anti-inflammatory
pharmacological activities. Recent studies demonstrated that
andrographolide possesses anticancer, hepatoprotective (10),
and anti-inflammatory activities. Andrographolide was re-
ported to suppress v-Src transformation and sensitize cancer
cells to TNF-related apoptosis-inducing ligand-induced apo-
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ptosis (11). Andrographolide was also shown to interfere with
T-cell activation and dendritic cell maturation (12). In addi-
tion, andrographolide inhibits LPS-induced iNOS expression
and subsequent NO production in macrophages (13). Bao et
al. (14) also demonstrated the anti-inflammatory role of an-
drographolide in an ovalbumin-induced allergic lung inflam-
mation model. The precise mechanism of andrographolide’s
attenuation of inflammatory responses has not been fully es-
tablished. Activation of the nuclear factor (NF)-�B signaling
cascade is currently known to play a causal role in host de-
fense and inflammation. Several lines of evidence demon-
strated that inhibition of NF-�B transcriptional activity con-
tributes to andrographolide’s protective anti-inflammatory
actions (14–16). Moreover, andrographolide may covalently
conjugate reduced cysteine 62 of the p50 subunit of NF-�B,
leading to inhibition of nuclear NF-�B transcriptional activity
(15). Whether andrographolide affects iNOS expression in
VSMCs under vascular inflammatory conditions has not been
reported. Previous studies demonstrated that iNOS expres-
sion is increased in VSMCs after exposure to the bacterial
endotoxin, lipopolysaccharide (LPS), or cytokines (17). More-
over, the effect of LPS on iNOS expression is strengthened by
the combination of one or more cytokines (18). We thus in-
vestigated the protective effects of andrographolide on iNOS
expression in rat VSMCs co-stimulated by LPS and IFN-�,
which represents a vascular inflammatory condition.

EXPERIMENTAL PROCEDURES

Reagents—Andrographolide and LPS were purchased from
Sigma. Recombinant rat INF-� was purchased from Pepro-
tech (Rocky Hill, NJ). Okadaic acid was obtained from Calbio-
chem. 3-O-Methyl-sphingomyeline (3-OMe-SM) was pur-
chased from Biomol (Plymouth Meeting, PA). C16:0
ceramide, C17:0 ceramide, C18:0 ceramide, C24:0 ceramide,
and C24:1 ceramide were all purchased from Avanti Polar
Lipids, Inc. (Alabaster, AL). Dulbecco’s modified Eagle’s me-
dium (DMEM), fetal calf serum (FCS), and penicillin/strepto-
mycin were purchased from Invitrogen. Antibodies specific
for �-tubulin and iNOS were purchased from Transduction
Laboratories (Lexington, KY). Antibodies specific for p65 (c-
Rel), HDAC3, MMP-9, and anti-mouse and anti-rabbit im-
munoglobulin G (IgG)-conjugated horseradish peroxidase
(HRP) antibodies were purchased from Santa Cruz Biotech-
nology, Inc. (Santa Cruz, CA). Antibodies specific for I�B�,
IKK phosphorylated at Ser180/Ser181, I�B� phosphorylated at
Ser32/Ser36, and p65 phosphorylated at Ser276/Ser536 were
purchased from Cell Signaling (St. Louis, MO). A light shift
chemiluminescent EMSA kit was purchased from Pierce. The
reporter plasmid, NF�B-Luc was purchased from Clontech
(Mountain View, CA). The Renilla-luc and Dual-Glo lucifer-
ase assay systems were purchased from Promega (Madison,
WI). All materials for immunoblotting were purchased from
Bio-Rad. All other chemicals were obtained from Sigma.
Rat Aortic SMC Primary Culture—Male Wistar rats used in

this study were purchased from BioLASCO (Taipei, Taiwan).
VSMCs were enzymatically dispersed from male Wistar rats
(250–300 g). Thoracic aortas fromWistar rats were removed
and stripped of endothelium and adventitia. VSMCs were

obtained by a modification of the combined collagenase and
elastase digestion method (17). These cells were grown in
DMEM supplemented with 20 mM HEPES, 10% fetal bovine
serum (FBS), 1% penicillin/streptomycin, and 2 mM glutamine
at 37 °C in a humidified atmosphere of 5% CO2. The growth
medium was changed every 2–3 days until cells had reached
confluence. The growth medium was removed, and the
monolayer was rinsed with phosphate-buffered saline (PBS).
A trypsin-EDTA solution was added, and the monolayer was
incubated at 37 °C for 2 min. The culture dishes were ob-
served under a phase-contrast microscope until the cells had
detached. Cells were removed with 10 ml of DMEM and cen-
trifuged at 900 � g for 7 min. The pellet was resuspended in
DMEM in a culture dish, and cells from passages 4–8 were
used in all experiments. Primary cultured rat aortic VSMCs
showed the “hills and valleys” pattern, and the expression of
�-smooth muscle actin was confirmed (data not shown). All
protocols were approved by the Taipei Medical University
Animal Care and Use Committee.
Cell Viability Assay—Cell viability was measured by the

colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide (MTT) assay as described previously (19).
Determination of Nitrite Concentrations—To determine

NO production, nitrite, a stable oxidative end product of NO,
was measured using the colorimetric method as described
previously (17). Nitrite accumulation was determined via a
colorimetric reaction based on the Griess reagent (1% sulfa-
nilamide and 0.1% naphthylenediamine in 2.5% phosphoric
acid). The optical absorbance at 550 nm was measured with a
microplate reader (MRX microplate reader). Nitrite concen-
trations were calculated by regression with standard solutions
of sodium nitrite prepared in the same culture medium.
Reverse Transcription (RT)-PCR—Total RNA was isolated

from cells using the TRIzol reagent (Invitrogen) as described
previously (17). RT-PCR was then conducted following the
manufacturer’s instructions (SuperScript One-step RT-PCR
system, Invitrogen). Primers used for amplification of the
iNOS and GAPDH fragments were as follows: iNOS, sense
(5�-ACCTACTTCCTGGACATCAC-3�) and antisense
(5�-ACCCAAACACCAAGGTCATG-3�); GAPDH, sense (5�-
GCCGCCTGGTCACCAGGGCTG-3�) and antisense (5�-
ATGGACTGTGGTCATGAGCCC-3�). GAPDH was used as
an internal control. PCR products were run on agarose gel,
stained with ethidium bromide, and visualized by UV
illumination.
Immunoblot Analysis—Immunoblot analyses were per-

formed as described previously (17). Briefly, cells were lysed
in extraction buffer containing 10 mM Tris (pH 7.0), 140 mM

NaCl, 2 mM PMSF, 5 mM DTT, 0.5% Nonidet P-40, 0.05 mM

pepstatin A, and 0.2 mM leupeptin. Samples of equal amounts
of protein were subjected to SDS-PAGE and transferred onto
a polyvinylidene fluoride (PVDF) microporous membrane,
which was then incubated in TBST buffer (150 mM NaCl, 20
mM Tris-HCl, and 0.02% Tween 20, pH 7.4) containing 5%
nonfat milk. Proteins were visualized by specific primary anti-
bodies and then incubated with HRP-conjugated secondary
antibodies. Immunoreactivity was detected using enhanced
chemiluminescence (ECL) following the manufacturer’s in-

Andrographolide Attenuates Vascular Inflammation

FEBRUARY 25, 2011 • VOLUME 286 • NUMBER 8 JOURNAL OF BIOLOGICAL CHEMISTRY 5943



structions. Quantitative data were obtained using a comput-
ing densitometer with a scientific imaging system (Eastman
Kodak Co.).
Gelatin Zymography—Culture media harvested from cells

were analyzed for proteins with gelatinolytic activity by gela-
tin zymography. Briefly, 10-�l aliquots of conditioned media
were resuspended in non-reducing sample buffer and applied
to 10% SDS-PAGE copolymerized with gelatin (1%). After
electrophoresis, gels were washed with 2.5% Triton X-100 for
1 h and subsequently incubated in enzyme buffer (50 mM

Tris-HCl (pH 7.5), 20 mM NaCl, 5 mM CaCl2, and 0.02% Brij-
35) at 37 °C for 72 h. Gels were then stained with 0.5% Coo-
massie Brilliant Blue G-250. Following destaining in 25%
methanol and 10% acetic acid, proteins with gelatinolytic ac-
tivity were visualized as clear bands against a blue-stained
background. Gels were scanned, and a densitometric analysis
was performed using the image analysis program Quantity
One (Bio-Rad). Molecular sizes of the bands were character-
ized by comparison with prestained molecular weight
markers.
PP2A Activity Assay—An immunoprecipitation phospha-

tase assay kit (Millipore, Billerica, MA) was used to measure
phosphate release as an index of phosphatase activity accord-
ing to the manufacturer’s instructions. Briefly, 200 �g of cel-
lular proteins was immunoprecipitated with a mouse anti-
PP2A catalytic subunit antibody (1 �g/�l; Millipore) and
incubated with substrate, phosphoprotein (amino acid se-
quence KRpTIRR, 750 �M), in protein phosphatase assay
buffer (20 mM 4-morpholinepropanesulfonic acid (pH 7.5), 60
mM 2-mercaptoethanol, 0.1 M NaCl, and 0.1 mg/ml serum
albumin). Reactions were initiated by the addition of the
phosphoprotein substrate and carried out for 10 min at 30 °C.
Reactions were terminated by the addition of 100 �l of the
malachite green solution. The absorbance at 650 nm was
measured on a microplate reader.
Preparation of Nuclear Extracts and Oligonucleotide Pull-

down Assay—The cytosolic and nuclear protein fractions
were separated as described previously (20). Briefly, cells were
lysed in hypotonic buffer (10 mM HEPES (pH 7.9), 10 mM KCl,
0.5 mM DTT, 10 mM aprotinin, 10 mM leupeptin, and 20 mM

PMSF) for 15 min on ice and vortexed for 10 s. Nuclei were
pelleted by centrifugation at 15,000 � g for 1 min. A pellet
containing nuclei was resuspended in hypertonic buffer (20
mM HEPES (pH 7.6), 25% glycerol, 1.5 mM MgCl2, 4 mM

EDTA, 0.05 mM DTT, 10 mM aprotinin, 10 mM leupeptin, and
20 mM PMSF) for 30 min on ice. Supernatants containing nu-
clear proteins were collected by centrifugation at 15,000 � g
for 2 min, and the oligonucleotide pull-down assay was then
performed. Briefly, nuclear proteins (10 �g) were incubated at
30 °C for 60 min with 0.5 nmol of 5�-biotinylated double-
stranded wild-type (5�-AGTTGAGGGGACTTTCCCAGG-
3�) or mutant (5�-CAGTAGTATGTGAGCCTGCCA-3�) oli-
gonucleotides, coupled previously to streptavidin-agarose
beads (Sigma). The wild-type oligonucleotide corresponded to
the nuclear cognate NF-�B binding sequence (NF-�B re-
sponse element; NRE). After incubation, the biotinylated oli-
gonucleotide-coupled streptavidin beads were washed three
times with hypotonic buffer and denatured in SDS-sample

buffer. The samples were subjected to immunoblotting analy-
sis for p65 using specific antibodies.
Transfection and NF-�B-Luciferase Assays—Cells (2 � 105/

well) were transfected with �B-luc plus Renilla-luc using Li-
pofectamine reagent (Invitrogen). Cells with or without treat-
ments were then harvested, and the luciferase activity was
determined using a Dual-Glo luciferase assay system kit (Pro-
mega) and was normalized on the basis of Renilla luciferase
activity. The level of induction of luciferase activity was com-
pared as the ratio of cells with and without LPS/IFN-�
stimulation.
Suppression of pp2a Expression—Protocol for target gene

suppression was described previously (20). For pp2a suppres-
sion, predesigned siRNAs targeting the mouse pp2a gene
were purchased from Ambion (Austin, TX). The siRNA oligo-
nucleotide targeting the coding regions of mouse PP2A cata-
lytic subunit (PP2A-C) mRNA was as follows: pp2a siRNA,
5�-ccauacuccgagggaaucatt-3�. The negative control siRNA
comprising a 19-bp scrambled sequence with 3�dT overhangs
was also purchased from Ambion.
Quantification of Ceramide—The quantification of cer-

amide in VSMCs was performed as described previously (21).
VSMCs were cultured in 10-cm dishes until a required con-
fluence was reached. Cells were treated with andrographolide
for the indicated times and then washed twice in ice-cold PBS
and collected in 0.5 ml of PBS. Cells were pelleted by centrifu-
gation at 2,000 rpm for 5 min, and the lipids were extracted
using 500 �l of methanol after the addition of internal stan-
dards (C17:0 ceramide). The suspension was incubated at
25 °C for 30 min with constant shaking and then centrifuged
at 25,000 rpm for 30 min at 25 °C. The supernatants were col-
lected, and the extraction was repeated three times. The com-
bined organic phases of supernatants was utilized for the esti-
mation of ceramide. The liquid-liquid extractions; the
amounts of C16:0 ceramide, C18:0 ceramide, C24:0 ceramide,
and C24:1 ceramide; and the internal standards were deter-
mined by liquid chromatography coupled with tandem mass
spectrometry. Chromatographic separation was accomplished
under gradient conditions using a Luna C18 column (150 �
2-mm inner diameter, 5-�m particle size, and 10-nm pore
size). The HPLC mobile phase consisted of water/formic acid
(100 ml:0.1 ml) (A) and acetonitrile/tetrahydrofuranformic
acid (50 ml:0.1 ml) (B). A gradient program was used for the
HPLC separation at a flow rate of 0.3 ml/min. The initial
buffer composition was 60% (A), 40% (B) and held for 0.6 min
and then linearly changed to 0% (A), 100% (B) in 4.4 min and
held for 5 min, and then linearly returned to 60% (A), 40% (B)
in 0.5 min and held for an additional 5.5 min. Each 40 �l of
samples was injected with the total run time of 16 min. Tan-
dem mass spectrometry analyses were performed on an API
4,000 triple quadrupole mass spectrometer with a Turbo V
source (Applied Biosystems, Darmstadt, Germany). Precur-
sor-to-product ion transitions ofm/z 536.83 280.5 for C16:0
ceramide,m/z 564.93 308.5 for C18:0 ceramide,m/z 646.93
390.8 for C24:1 ceramide,m/z 648.93 392.8 for C24:0 cera-
mide, andm/z 550.93 294.5 for C17:0 ceramide were used
for multiple reaction monitoring with a well time of 15 ms.
Concentrations of the calibration standards, quality con-
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trols, and unknowns were evaluated by Analyst software
version 1.4.2 (Applied Biosystems). The mean peak areas of
the samples reconstructed with internal standards were
compared with the mean peak area of 10 ng/ml internal
standards in methanol. Total ceramide was calculated from
the sum of C16:0, C18:0, C24:0, and C24:1 ceramide
subspecies.
Rat Carotid Balloon Angioplasty—Male Wistar rats (350–

400 g) were anesthetized with chloral hydrate (0.4 g/kg intra-
peritoneal) and a 2F embolectomy balloon catheter (2F, For-
garty, Edwards Lifesciences, Irvine, CA) introduced into the
right common carotid artery via the external artery. The bal-
loon was inflated to distend the common carotid artery and
was then withdrawn to the external artery. This procedure
was repeated three times, the catheter was then removed, and
the distal external artery segment was ligated. The animals
were divided into two groups: 1) an untreated group and 2) an
andrographolide treatment group (5 mg/kg/day for 2 weeks).
A miniosmotic pump (model 2002, Alza (Palo Alto, CA)) with
a pump rate of 0.5 �l/h containing sufficient solution for 14
days was filled with andrographolide in DMSO and implanted
subcutaneously on the back of the neck. Fourteen days after
balloon angioplasty, the rats were anesthetized and perfused
with saline. The right common carotid artery was isolated
then cut into 5-�m sections, stained with hematoxylin and
eosin, and photographed through a microscope (Nikon
Eclipse TS100, Nikon, Tokyo, Japan), and the neointimal ar-
eas were measured by the Image-Pro Express 6.0 system (Me-
dia Cybernetics Inc., Bethesda, MD). The medial area was
calculated by subtracting the internal elastic lamina from the
external elastic lamina, and the intimal area was calculated by
subtracting the lumen area from the internal elastic lamina.
From these measurements, the ratio of intimal area and me-
dial area was calculated. Arterial tissues were also obtained
from the sacrificed animals and immediately snap-frozen.
These tissues were homogenized in ice-cold lysis buffer and
subjected to immunoblotting to determine the levels of iNOS.
Statistical Analysis—Results are presented as means � S.E.

from at least three independent experiments. One-way analy-
sis of variance followed by, when appropriate, the Newman-
Keuls test was used to determine the statistical significance of
the difference between means. A p value of �0.05 was consid-
ered statistically significant.

RESULTS

Effects of Andrographolide on LPS/IFN-�-induced iNOS and
MMP-9 Expressions—To examine whether andrographolide
affects NO formation in VSMCs exposed to LPS and IFN-�,
the level of nitrite, an end product of NO, was determined. As
shown in Fig. 1A, treatment of rat VSMCs with the combina-
tion of LPS (50 �g/ml) and IFN-� (100 units/ml) for 24 h sig-
nificantly induced NO production from 0.4 � 0.1 to 5.9 � 0.5
�M (n � 4). We thus used these concentrations of LPS (50
�g/ml) and IFN-� (100 units/ml) in the following experi-
ments, represented as LPS/IFN-�. Andrographolide at the
concentrations of 20 and 50 �M significantly inhibited LPS/
IFN-�-induced NO production in rat VSMCs by 62.8 � 6.1%
and 79.8 � 2.3%, respectively. We next examined whether the

protein level of iNOS, which catalyzes NO formation, was
affected by andrographolide in LPS/IFN-�-stimulated cells.
As shown in Fig. 1B, LPS/IFN-� markedly increased iNOS
expression as compared with the control group. The compiled
data are shown at the bottom of Fig. 1B (LPS/IFN-�, 8.1 �
0.2-fold; control, 1.0 � 0.0-fold; p � 0.05). LPS/IFN-�-in-
duced iNOS expression was suppressed by the presence of
andrographolide (Fig. 1B) (LPS/IFN-�, 8.1 � 0.2-fold; LPS/
IFN-� plus 20 �M andrographolide, 4.8 � 0.2-fold; LPS/IFN-�
plus 50 �M andrographolide, 3.9 � 0.6-fold; p � 0.05). RT-
PCR analysis was then used to confirm the hypothesis that
andrographolide’s attenuation of LPS/IFN-�-induced iNOS
expression was accompanied by a decrease in iNOS mRNA.
LPS/IFN-� significantly induced iNOS mRNA elevation by
22.2 � 2.1-fold in rat VSMCs after 12 h of treatment as com-
pared with the control group (Fig. 1C). In addition, androgra-
pholide at the concentrations of 20 and 50 �M significantly
reduced LPS/IFN-�-increased iNOS mRNA by 29.6 � 8.8%
and 81.6 � 1.8%, respectively. These results suggest that an-
drographolide’s inhibition of LPS/IFN-�-induced NO forma-
tion may have resulted from transcriptional down-regulation
of iNOS. Under a vascular inflammatory state, cytokine acti-
vation of VSMCs can also increase the production and pro-
cessing of MMPs from inactive zymogens to active enzymes
(22). Activated MMPs digesting the vascular extracellular ma-
trix, resulting in a weakening and dilatation of the aortic wall
is a hallmark of the pathogenesis of vascular inflammatory
diseases. Excess degradation of the extracellular matrix by
MMPs may also contribute to VSMC migration and prolifera-
tion (23). We then attempted to elucidate whether androgra-
pholide regulates the activities of MMP-2 and MMP-9 in LPS/
IFN-�-treated rat VSMCs. Results from Fig. 1D demonstrate
that andrographolide significantly inhibited LPS/IFN-�-in-
creased MMP-9 activity in rat VSMCs as determined by a
zymographic analysis (Fig. 1D) (control, 1.0 � 0.0-fold; LPS/
IFN-�, 4.5 � 0.9-fold; LPS/IFN-� plus 20 �M andrographol-
ide, 2.5 � 0.7-fold; LPS/IFN-� plus 50 �M andrographolide,
1.6 � 0.4-fold). In contrast, andrographolide had no effect on
MMP-2 activity in the absence or presence of LPS and IFN-�
(Fig. 1D). The immunoblot analysis shown in Fig. 1E further
demonstrated that andrographolide suppressed the in-
crease in the MMP-9 protein level in cells exposed to LPS
and IFN-�. To further determine whether the cytotoxic
effect was attributable to andrographolide’s actions in LPS/
IFN-�-treated rat VSMCs, an MTT assay was employed. As
shown in Fig. 1F, treatment of cells with andrographolide
at concentrations of 20 or 50 �M for 24 h did not alter cell
viability. These findings together suggested that androgra-
pholide may inhibit LPS/IFN-�-induced vascular inflam-
matory responses, including increasing iNOS expression
and subsequent NO formation and elevating MMP-9 activ-
ity in rat VSMCs.
Effects of Andrographolide on NF-�B Activation in LPS/

IFN-�-stimulated Rat VSMCs—To clarify the mechanism of
MMP-9 and iNOS inhibition by andrographolide, we exam-
ined the status of NF-�B activation, a well known transcrip-
tional factor for driving gene expression of many inflamma-
tory proteins, including MMP-9 and iNOS (24, 25). The
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FIGURE 1. Effects of andrographolide on LPS/IFN-�-induced iNOS and MMP-9 expressions. Rat VSMCs were pretreated with vehicle or 20 or 50 �M an-
drographolide for 30 min before treatment with the combination of LPS (50 �g/ml) and IFN-� (100 units/ml) for another 12 h (C) or 24 h (A, B, and D–F). Ni-
trite concentrations (A), iNOS protein level (B), iNOS mRNA (C), MMP-2 and MMP-9 activities (D), and MMP-9 expression (E) were then determined. F, cell
viability in cells exposed to andrographolide was determined by MTT assay. Data (A, B–D, and F) are presented as means � S.E. (error bars). *, p � 0.05, com-
pared with the control group; #, p � 0.05, compared with the vehicle-treated group in the presence of LPS/IFN-�. Data shown in E are representative of
three separate experiments with similar results.
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nuclear extracts of rat VSMCs with or without andrographol-
ide treatment were subjected to an oligonucleotide pull-down
assay. To demonstrate physical interaction of NF-�B/p65 with
the NF-�B-binding sequence, we used biotinylated, double-
stranded oligonucleotides coupled to streptavidin-agarose
beads (wild-type or mutant NRE) to pull down proteins inter-
acting with the NF-�B-binding sequence in LPS/IFN-�-stim-
ulated rat VSMCs in the absence or presence of androgra-
pholide. The bound protein complex was then analyzed by
Western blotting. As shown in Fig. 2A, LPS/IFN-� treatment
increased the binding of p65 to the wild-type NRE oligonu-
cleotide containing binding sequences for NF-�B. LPS/IFN-�-

induced p65 activation was attenuated by pretreatment of
cells with 50 �M andrographolide for 30 min. However, p65
did not bind to a similar oligonucleotide with the mutation of
the NF-�B-binding sequence after LPS/IFN-� treatment, indi-
cating that DNA-protein interactions were sequence-specific
(Fig. 2A).
A reporter assay was then employed to directly determine

andrographolide’s attenuation of NF-�B transactivity in LPS/
IFN-�-stimulated cells. Cells were transiently transfected with
a �B-luc reporter construct. As shown in Fig. 2B, cells treated
with LPS/IFN-� for 24 h exhibited an increase in NF-�B-lucif-
erase activity. The increase in NF-�B-luciferase activity was
3.6 � 0.5-fold as compared with the control group (n � 3)
after LPS/IFN-� treatment. Furthermore, the LPS/IFN-�-
induced increase in NF-�B-luciferase activity was markedly
suppressed by 16.4 � 7.3% and 55.6 � 6.9% in cells pretreated
for 30 min with 20 and 50 �M andrographolide, respectively
(n � 3) (Fig. 2B). These results suggest that andrographolide
may reduce iNOS and MMP-9 expressions by suppressing
NF-�B transactivity in rat VSMCs.
Effects of Andrographolide on I�B Phosphorylation and Deg-

radation in LPS/IFN-�-stimulated Rat VSMCs—NF-�B activ-
ity is tightly controlled by binding to the I�B inhibitor pro-
tein, which prevents cytosolic NF-�B from entering the
nucleus. Once phosphorylated by the I�B kinase (IKK) com-
plex, I�B dissociates from the NF-�B subunits, is ubiquiti-
nated, and is rapidly degraded by the proteasome (26). IKK
phosphorylation of the I�B� Ser32 and Ser36 residues was pro-
posed as being a major mode for I�B� degradation, leading to
NF-�B translocation and activation (27). We examined
whether the extent of I�B� Ser32 and Ser36 phosphorylation is
altered after LPS/IFN-� exposure. LPS/IFN-� caused a
marked increase in I�B� phosphorylation at as early as 5 min,
and this was sustained to 20 min after LPS/IFN-� exposure
(Fig. 3A). In parallel, the total amount of the I�B protein was
dramatically decreased after exposure to LPS/IFN-� for 20
min and had returned to a basal level after 60 min of treat-
ment with LPS/IFN-� (Fig. 3B). Treatment of cells with an-
drographolide only slightly affected LPS/IFN-�-induced I�B�
phosphorylation at Ser32 and Ser36 (Fig. 3C). Furthermore,
andrographolide did not restore normal levels of I�B� in LPS/
IFN-�-stimulated cells (Fig. 3D). These results suggested that
the I�B� phosphorylation and subsequent I�B� degradation
in LPS/IFN-�-stimulated cells might not contribute to an-
drographolide’s inhibitory actions on NF-�B signaling.
Effects of Andrographolide on IKK Phosphorylation and

NF-�B Nuclear Translocation in LPS/IFN-�-stimulated Rat
VSMCs—We next determined whether IKKs, including IKK�
and IKK�, critical upstream molecules of I�B� (27), contrib-
uted to andrographolide attenuation of LPS/IFN-�-induced
NF-�B activation. As shown in Fig. 4A, IKK phosphorylations
at Ser180 (IKK�) and Ser181 (IKK�) were significantly in-
creased in LPS/IFN-�-stimulated rat VSMCs. The compiled
data are shown at the bottom of Fig. 4A (LPS/IFN-�, 1.8 �
0.3-fold; control, 1.0 � 0.0-fold; p � 0.05). However, pretreat-
ment of cells with 20 or 50 �M andrographolide did not signif-
icantly affect LPS/IFN-�-induced IKK phosphorylation (Fig.
4A). Based on the findings above that andrographolide’s at-

FIGURE 2. Effects of andrographolide on NF-�B activation in LPS/IFN-�-
stimulated rat VSMCs. A, cells were pretreated with vehicle or androgra-
pholide for 30 min before treatment with the combination of LPS (50 �g/
ml) and IFN-� (100 units/ml) for another 30 min. Following incubation, the
nuclear protein fraction was prepared for the oligonucleotide pull-down
assay. The input extracts were normalized between samples by analyzing
the levels of HDAC3. Data are presented as means � S.E. (error bars). *, p �
0.05, compared with the control group; #, p � 0.05, compared with the ve-
hicle-treated group in the presence of LPS/IFN-�. B, cells were transiently
transfected with NF-�B-luc and Renilla-luc for 24 h. After transfection, cells
were pretreated with vehicle or andrographolide for 30 min before treat-
ment with the combination of LPS (50 �g/ml) and IFN-� (100 units/ml) for
another 24 h. An NF-�B-luciferase assay was then carried out. Data repre-
sent means � S.E. of three independent experiments performed in dupli-
cate. *, p � 0.05, compared with the control group; #, p � 0.05, compared
with the vehicle-treated group in the presence of LPS/IFN-�. Mut, mutant.
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tenuation of NF-�B signaling might bypass its natural regula-
tion through the IKK-I�B� cascade, we sought to examine
whether andrographolide interferes with the NF-�B subcellu-
lar localization. NF-�B/p65 was shown to shuttle from the
cytoplasm to nuclei after exposure to various inflammatory
stimuli (28). Therefore, we analyzed p65 protein levels in cy-
toplasmic and nuclear fractions of LPS/IFN-�-stimulated rat
VSMCs. As shown in Fig. 4, B and C, p65 exhibited a de-
creased cytoplasmic localization (Fig. 4B) and increased nu-
clear localization (Fig. 4C) in cells that had been treated with
LPS/IFN-�. Pretreatment with andrographolide markedly
impaired p65 translocation from cytosol to nucleus in cells
exposed to LPS/IFN-� (Fig. 4, B and C). Several studies dem-
onstrated that phosphorylation of p65 at critical serine resi-
dues may account for its dimerization, DNA binding, and nu-
clear localization (29). Individual phosphorylation sites may
be targeted by a single or by several kinases (27). Protein ki-
nase A phosphorylation of p65 Ser276 mediates dimerization
and DNA binding of p65 (30). The phosphorylation of Ser536
(31) following TNF and LPS stimulation increases p65 tran-

scriptional activity. In order to identify phosphorylation
events that may be critical in andrographolide regulation of
NF-�B, we determined the status of p65 phosphorylation at
Ser276 and Ser536. As shown in Fig. 4D, LPS/IFN-�-induced
p65 Ser276 phosphorylation was not altered by the presence of
andrographolide in rat VSMCs. In contrast, LPS/IFN-�-in-
duced p65 Ser536 phosphorylation was significantly inhibited
in cells pretreated for 30 min with 50 �M andrographolide by
76.2% � 15.9%, respectively (n � 3) (Fig. 4E). These results
suggest that p65 Ser536 phosphorylation may be responsible
for andrographolide’s inhibition of NF-�B transactivation in
LPS/IFN-�-stimulated rat VSMCs.
PP2A Is Involved in Andrographolide Attenuation of NF-�B

Activity—We next explored the mechanism by which an-
drographolide suppresses LPS/IFN-�-induced p65 Ser536
phosphorylation. The mechanism that regulates p65 Ser536
dephosphorylation remains to be identified. Regulation of the
phosphorylated protein is balanced by the activities of kinases
and phosphatases (32). It is conceivable that andrographolide
may activate a protein phosphatase that dephosphorylates

FIGURE 3. Effects of andrographolide on I�B phosphorylation and degradation in LPS/IFN-�-stimulated rat VSMCs. Cells were treated with the com-
bination of LPS (50 �g/ml) and IFN-� (100 units/ml) for the indicated time periods. Cells were then harvested, and I�B� phosphorylation at Ser32/Ser36 (A) or
I�B� level (B) was determined using immunoblotting. Cells were pretreated with vehicle or andrographolide for 30 min before treatment with the combina-
tion of LPS (50 �g/ml) and IFN-� (100 units/ml) for another 30 min. After treatment, cells were harvested to assess the extent of I�B� phosphorylation (C) or
I�B� level (D). Data are presented as means � S.E. (error bars). *, p � 0.05, compared with the control group.
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Ser536, leading to NF-�B inactivation and iNOS down-regula-
tion. Protein phosphatase 2A (PP2A) is a serine/threonine-
specific protein phosphatase that regulates the activities of
several major protein kinase families, such as ASK1 (20).

Thus, we attempted to determine whether PP2A is involved
in p65 Ser536 dephosphorylation in response to andrographol-
ide in LPS/IFN-�-stimulated rat VSMCs. Okadaic acid is a
selective inhibitor of PP2A at low concentrations (1–10 nM)

FIGURE 4. Effects of andrographolide on IKK phosphorylation and NF-�B nuclear translocation in LPS/IFN-�-stimulated rat VSMCs. Cells were pre-
treated with vehicle or andrographolide for 30 min before treatment with the combination of LPS (50 �g/ml) and IFN-� (100 units/ml) for another 30 min.
The extent of IKK�/� phosphorylation (A), p65 levels in the cytosolic (B) and nuclear fractions (C), and the extent of p65 Ser276 (D) or p65 Ser536 phosphoryla-
tion (E) were then determined. Data are presented as means � S.E. (error bars). *, p � 0.05, compared with the control group. #, p � 0.05, compared with the
LPS/IFN-�-treated group.
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but inhibits PP1 at much higher concentrations (20). As
shown in Fig. 5A, pretreatment with okadaic acid for 30 min
at a concentration of 10 nM significantly restored androgra-
pholide inhibition of p65 Ser536 phosphorylation in cells ex-
posed to LPS/IFN-�. In addition, down-regulation of iNOS
caused by andrographolide was also diminished by a 30-min
pretreatment of okadaic acid at 10 nM in LPS/IFN-�-stimu-
lated rat VSMCs. (Fig. 5B). To further confirm more specifi-
cally that andrographolide’s inhibitory actions on LPS/IFN-�-
induced iNOS expression and p65 Ser536 phosphorylation was
mediated by PP2A, pp2a siRNA was used. As shown in Fig.
5C, transfection of rat VSMCs with pp2a siRNA significantly
reduced andrographolide-decreased iNOS expression in LPS/
IFN-�-stimulated rat VSMCs. Andrographolide-induced p65
Ser536 dephosphorylation was also inhibited by pp2a siRNA
(Fig. 5D). Furthermore, siRNA experiments revealed that
pp2a siRNA suppressed the basal level of the PP2A catalytic
subunit (PP2A-C) (Fig. 5E). Transfection of rat VSMCs
with pp2a siRNA also significantly recovered from the an-
drographolide-induced inhibition of NF-�B-luciferase
activity in LPS/IFN-�-stimulated rat VSMCs (Fig. 6A).
Stimulation of cells with 50 �M andrographolide time-de-
pendently induced an increase of PP2A activity (Fig. 6B).
A marked reduction in PP2A enzyme activity observed in
rat VSMCs pretreated with 10 nM okadaic acid for 30 min
(Fig. 6B) authenticated the effects of the PP2A inhibitor.
Furthermore, the PP2A enzyme activity associated with a
control immunoprecipitation using normal mouse IgG was
164.5 � 50.6 pmol of phosphate/min (data not shown).
These results suggest that PP2A may be specifically re-
sponsible for andrographolide-induced p65 Ser536 dephos-
phorylation and subsequent iNOS down-regulation in rat
VSMCs exposed to LPS and IFN-�.
Neutral Sphingomyelinase (nSMase) Is Involved in An-

drographolide Attenuation of p65 Ser536 Phosphorylation and
iNOS Expression in LPS/IFN-�-stimulated Rat VSMCs—The
precise mechanism involved in andrographolide-induced
PP2A activation in rat VSMCs remains unclear. PP2A, a
member of the ceramide-activated protein phosphatase fam-
ily, is known to be activated by ceramide. We thus determined
whether andrographolide induces ceramide formation in rat
VSMCs. As shown in Fig. 7A, andrographolide time-depen-
dently increased ceramide formation in rat VSMCs. Treat-
ment of cells with 50 �M andrographolide for 30 min and/or
1 h significantly increased the ceramide level from 21.4 � 2.0
to 41.9 � 5.8 and 51.9 � 11.2 ng/ml, respectively (Fig. 7A). In
addition, andrographolide-induced ceramide formation was
markedly attenuated by 3-OMe-SM (30 �M), an nSMase in-
hibitor (Fig. 7B). 3-OMe-SM was also used to determine
whether nSMase is involved in the PP2A-p65-iNOS signaling
cascade in response to andrographolide in LPS/IFN-�-stimu-
lated rat VSMCs. As shown in Fig. 7C, pretreatment with

3-OMe-SM for 30 min at a concentration of 30 �M signifi-
cantly inhibited andrographolide-induced PP2A activation.
Pretreatment with 3-OMe-SM also restored andrographolide
inhibition of p65 Ser536 phosphorylation in cells exposed to
LPS/IFN-� (Fig. 7D). In addition, down-regulation of iNOS
caused by andrographolide was also diminished by a 30-min
pretreatment of 3-OMe-SM in LPS/IFN-�-stimulated rat
VSMCs. (Fig. 7E). These results suggest that the nSMase-cer-
amide-PP2A cascade mediates andrographolide-induced p65
Ser536 dephosphorylation and subsequent iNOS down-regula-
tion in rat VSMCs exposed to LPS and IFN-�.
Effect of Andrographolide on Neointimal Formation and

iNOS Expression in Rat Carotid Arteries—It is well known
that NF-�B activation and subsequent inflammatory gene
expressions play crucial roles in the initiation and progression
of neointimal formation by controlling vascular remodeling in

FIGURE 5. PP2A is involved in andrographolide attenuation of NF-�B activity. Cells were treated with okadaic acid (1–10 nM) (A and B) or transiently
transfected with pp2a siRNA (C–E) followed by 30 min of treatment with andrographolide. After treatment, cells were treated with the combination of LPS
(50 �g/ml) and IFN-� (100 units/ml) for another 30 min (A and C) or 24 h (B, D, and E). The extent of p65 Ser536 phosphorylation (A and C), iNOS (B and D), or
PP2A catalytic subunit (PP2A-C) (E) was then determined. Data are presented as means � S.E. (error bars). *, p � 0.05, compared with the control group. #,
p � 0.05, compared with the LPS/IFN-�-treated group in the presence of andrographolide.

FIGURE 6. Effects of andrographolide on PP2A activity in rat VSMCs.
A, cells were transiently transfected with NF-�B-luc and Renilla-luc and con-
trol siRNA or pp2a siRNA for 24 h. After transfection, cells were pretreated
with vehicle or andrographolide for 30 min before treatment with the com-
bination of LPS (50 �g/ml) and IFN-� (100 units/ml) for another 24 h. An
NF-�B-luciferase assay was then carried out. Data represent means � S.E.
(error bars) of four independent experiments performed in duplicate.
B, PP2A activity was determined as described under “Experimental Proce-
dures.” Each column represents the mean � S.E. of four independent exper-
iments. *, p � 0.05, compared with the control group. #, p � 0.05, compared
with the group in the presence of andrographolide at the 30 min time
point. IP, immunoprecipitation; IB, immunoblotting.
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response to various noxious stimuli (25). Based on the above
findings that andrographolide may suppress LPS/IFN-�-in-
duced iNOS expression through PP2A-mediated NF-�B inhi-
bition in VSMCs, we thus investigated whether andrographol-
ide may inhibit vascular inflammation-associated neointimal
formation. Using a rat carotid injury model, we found a re-
markable increase in neointimal formation at 14 days after
balloon injury in control rats, which was significantly reduced
in the andrographolide-treated group (5 mg/kg/day) (Fig. 8A).
The intimal area/medial area ratio at 14 days in vehicle-
treated rats was reduced from 1.7 � 0.1 to 0.4 � 0.2 by an-
drographolide treatment (p � 0.05, n � 5). In addition, iNOS
expression was markedly increased in injured carotid arteries
as compared with the normal carotid arteries (sham control).
The increased iNOS expression at 14 days after balloon injury
was significantly reduced in andrographolide-treated rats as
compared with vehicle-treated rats (Fig. 8B) (sham control,

1.0 � 0.0-fold; balloon-injured plus vehicle, 3.9 � 0.2-fold;
balloon-injured plus 50 �M andrographolide, 2.5 � 0.5-fold;
p � 0.05, n � 3). These data suggest that andrographolide
may improve vascular inflammatory disease-associated
neointimal formation, such as atherosclerosis.

DISCUSSION

Andrographolide was recently shown to inhibit the expres-
sion of inflammatory mediators in macrophages and lung epi-
thelial cells under inflammatory stimuli (14–16). Bao et al.
(14) also demonstrated that andrographolide may possess
anti-inflammatory activities and the therapeutic potential to
treat allergic asthma. In the present study, in an effort to in-
crease the therapeutic potential use of andrographolide in
cardiovascular diseases, andrographolide was shown to inhibit
LPS/IFN-�-induced iNOS and MMP-9 expressions in rat
VSMCs and to reduce neointimal formation in a rat carotid

FIGURE 7. nSMase is involved in andrographolide-induced ceramide formation and PP2A activation. A, cells were treated with andrographolide (50
�M) for the indicated times. Ceramide levels were then determined as described under “Experimental Procedures.” Each column represents the mean � S.E.
(error bar) of three independent experiments. *, p � 0.05, compared with the control group. B, cells were pretreated with vehicle or 3-OMe-SM (30 �M) for
30 min before treatment with andrographolide (50 �M) for another 30 min. Ceramide levels were then determined as described under “Experimental Proce-
dures.” Each column represents the mean � S.E. of three independent experiments. *, p � 0.05, compared with the control group. #, p � 0.05, compared
with the group treated with andrographolide alone. C, cells were pretreated with vehicle or 3-OMe-SM (10 –30 �M) for 30 min before treatment with an-
drographolide (50 �M) for another 30 min. PP2A activity was then determined. Each column represents the mean � S.E. of four independent experiments.
*, p � 0.05, compared with the control group. #, p � 0.05, compared with the group treated with andrographolide alone. Cells were treated with 3-OMe-SM
(10 –30 �M) followed by a 30-min treatment with andrographolide. After treatment, cells were treated with the combination of LPS (50 �g/ml) and IFN-�
(100 units/ml) for another 30 min (D) or 24 h (E). The extent of p65 Ser536 phosphorylation (D) and/or iNOS expression (E) was then determined. Data are
presented as means � S.E. *, p � 0.05, compared with the vehicle-treated group. #, p � 0.05, compared with the LPS/IFN-�-treated group in the presence of
andrographolide.
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injury model. This study also demonstrated for the first time
that PP2A dephosphorylation of the p65 subunit of NF-�B
may contribute to andrographolide’s protective actions in rat
VSMCs.
Several lines of evidence have demonstrated that NF-�B

plays a crucial role in andrographolide’s anti-inflammatory
actions (15, 16). However, the precise molecular mecha-
nism by which andrographolide attenuates NF-�B remains
incompletely characterized. The common form of NF-�B
in most cell types is the p65/p50 heterodimer, and NF-�B
signaling is tightly controlled by the IKK complex, which
consists of IKK�, IKK�, and IKK� together with its down-
stream substrate I�B�. Upon stimulation, the activated
IKK phosphorylates I�B�, leading to I�B� degradation and
enhanced NF-�B nuclear translocation and subsequent
transcriptional activation (33). Results from the present
study, similar to those reported previously (15, 16), show
that andrographolide reduced nuclear translocation of

NF-�B and diminished NF-�B binding to DNA. Wang et al.
(15) further demonstrated that andrographolide covalently
modified the reduced cysteine 62 of p50, and androgra-
pholide did not further reduce NF-�B-mediated neointimal
formation in p50�/� mice (16). Those studies suggested
the specificity of andrographolide for p50. Whether p65
contributes to andrographolide’s inhibition of NF-�B has
not previously been demonstrated. We showed in the pres-
ent study that p65 was dephosphorylated and causally re-
lated to andrographolide’s attenuation of NF-�B signaling.
In addition, phosphorylation of p65 at Ser536, but not at
Ser276, was altered in the presence of andrographolide in
LPS/IFN-�-stimulated rat VSMCs.

NF-�B activation is tightly controlled to ensure a func-
tioning host defense and prevent hyperinflammation and
tumorigenesis (27). In addition to I�B, the phosphorylation
of the NF-�B subunit p65 represents another mechanism
regulating NF-�B nuclear imports, exports, and transcrip-
tional activities. Previous studies postulated that phosphor-
ylation of p65 up-regulates NF-�B-dependent transcription
(27). We showed that dephosphorylation of p65 may
be causally related to andrographolide’s inhibitory actions
on NF-�B in LPS/IFN-�-stimulated rat VSMCs. The mo-
lecular mechanism involved in p65 Ser536 dephosphory-
lation by andrographolide remains unresolved. IKK was
previously shown to phosphorylate p65 at Ser536 (31), and
andrographolide was reported to suppress p65 Ser536 phos-
phorylation through IKK inhibition in lung epithelial cells
(14). However, andrographolide did not affect IKK activa-
tion in rat VSMCs, as demonstrated in the present study.
Activation of an unknown protein phosphatase is thus pos-
tulated to be required for andrographolide’s attenuation of
NF-�B activity by dephosphorylating p65 Ser536. A number
of studies demonstrated that PP2A can regulate the activa-
tion of NF-�B (34). In agreement with those observations,
we noted that okadaic acid, a specific inhibitor of PP2A,
inhibited andrographolide dephosphorylation of p65 Ser536
residues and subsequent iNOS expression. Furthermore,
pp2a siRNAs, which silenced PP2A-C, also attenuated an-
drographolide dephosphorylation of p65 Ser536. Androgra-
pholide also induced PP2A activation in rat VSMCs. These
findings suggest that PP2A plays a pivotal role in androgra-
pholide’s actions in an IKK-independent manner in rat
VSMCs.
Previous studies have demonstrated that the formation of

ceramide catalyzed by nSMase plays a critical role in PP2A
activation (35, 36). In agreement with these observations, we
noted that 3-OMe-SM, a specific inhibitor of nSMase, inhib-
ited andrographolide-induced ceramide formation and PP2A
activation. Andrographolide mediated dephosphorylation of
p65 Ser536 residues and subsequent iNOS expression were
also attenuated by 3-OMe-SM in LPS/IFN-�-stimulated rat
VSMCs. Taken together, these findings suggest that the
nSMase-ceramide cascademediated andrographolide-induced
PP2A activation in rat VSMCs. In addition, ceramide may be
derived from sphingomyelin hydrolysis catalyzed by either
nSMase or acidic sphingomyelinase (37). Another pathway
involves ceramide synthase-catalyzed de novo ceramide syn-

FIGURE 8. Effects of andrographolide on neointimal formation and iNOS
expression in a rat carotid injury model. A, photomicrographs showing
the effect of andrographolide (5 mg/kg/day) (b) on neointimal formation in
rat carotid arteries of 14 days after balloon injury (magnification �400). Re-
sults are presented as means � S.E. (error bars). *, p � 0.05, compared with
the vehicle-treated balloon injury group (a). I/M, intimal area/medial area.
B, uninjured (sham) and injured rat carotid arteries 14 days after balloon
injury in vehicle- or andrographolide-treated rats (5 mg/kg/day) were har-
vested and subjected to Western blotting to determine iNOS level. Data are
presented as means � S.E. *, p � 0.05, compared with the sham group. #,
p � 0.05, compared with the vehicle-treated balloon injury group.

Andrographolide Attenuates Vascular Inflammation

FEBRUARY 25, 2011 • VOLUME 286 • NUMBER 8 JOURNAL OF BIOLOGICAL CHEMISTRY 5953



thesis (38). However, further investigations are needed to
characterize whether acidic sphingomyelinase or de novo cer-
amide synthesis contributes to andrographolide-induced cer-
amide formation and subsequent PP2A activation in rat
VSMCs.
In addition to NF-�B, activator protein (AP)-1 may also

contribute to iNOS (9) and MMP-9 (39) expressions in
VSMCs. In our preliminary studies in rat VSMCs, AP-1 was
also a candidate targeted by andrographolide to down-regu-
late iNOS and MMP-9 expressions. We found that androgra-
pholide significantly suppressed JNK phosphorylation and
diminished AP-1 reporter activity in LPS/IFN-�-stimulated
rat VSMCs.4 JNK, a critical upstream molecule of AP-1, was
also shown to be negatively regulated by PP2A (40). Together,
these findings raise the possibility that andrographolide’s acti-
vation of PP2A may regulate at least two separate pathways:
one on the JNK-AP-1 cascade and another on the p65 cascade
as reported here. The different mechanisms of andrographol-
ide’s actions in driving these two signaling pathways down-
stream of PP2A remain to be elucidated. It is likely that the
two pathways may culminate in decreasing iNOS and MMP-9
expressions.
NO is an important regulator of vascular function. Several

lines of evidence demonstrated that NO-derived oxidant per-
oxynitrite contributes to inflammatory cardiovascular dis-
eases, such as atherogenesis (9). In addition, MMPs also play
important roles in vascular remodeling and subsequent path-
ological events in the progression of diabetes, coronary arte-
rial diseases, and atherosclerosis (41). Because NF-�B is a crit-
ical transcription factor in transactivating inflammatory
genes, including iNOS and MMP-9, it appears to be a promis-
ing molecular target in treating inflammatory vascular dis-
eases. Various therapeutic strategies targeted at the NF-�B
signaling pathway, such as NF-�B-specific decoy oligonucleo-
tide (42) and IKK�-selective small molecule inhibitor (43),
have demonstrated beneficial effects in experimental inflam-
matory animal models. Our findings revealed that androgra-
pholide significantly diminished iNOS and MMP-9 expres-
sions in LPS/IFN-�-stimulated rat VSMCs. We also
demonstrated for the first time that andrographolide inhib-
ited p65 Ser536 phosphorylation, reduced nuclear transloca-
tion of p65, and diminished p65 �B oligonucleotide binding in
LPS/IFN-�-stimulated rat VSMCs. In addition, PP2A may
contribute to these actions of andrographolide in rat VSMCs.
Results from the rat carotid injury model also demonstrated
that andrographolide had beneficial effects in inhibiting bal-
loon injury-induced neointimal formation and iNOS expres-
sion. Taken together, these findings support a therapeutic
value for andrographolide in treating inflammatory vascular
diseases.
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