Hindawi Publishing Corporation

The Scientific World Journal

Volume 2014, Article ID 130381, 10 pages
http://dx.doi.org/10.1155/2014/130381

Research Article

Andrographolide Inhibits Nuclear Factor-xB
Activation through JNK-Akt-p65 Signaling Cascade in Tumor
Necrosis Factor-a-Stimulated Vascular Smooth Muscle Cells

Yu-Ying Chen,’ Ming-Jen Hsu,’ Cheng-Ying Hsieh,"” Lin-Wen Lee,’
Zhih-Cherng Chen,">*’ and Joen-Rong Sheu"?

! Graduate Institute of Medical Sciences, College of Medicine, Taipei Medical University, Taipei 11031, Taiwan
2 Department of Pharmacology, School of Medicine, Taipei Medical University, Taipei 11031, Taiwan

? Department of Microbiology and Immunology, Taipei Medical University, Taipei 11031, Taiwan

* Department of Cardiology, Chi-Mei Medical Center, Tainan City 71004, Taiwan

> Department of Pharmacy, Chia Nan University of Pharmacy & Science, Tainan City 71004, Taiwan

Correspondence should be addressed to Zhih-Cherng Chen; z_cchen@yahoo.com.tw
and Joen-Rong Sheu; sheujr@tmu.edu.tw

Received 27 May 2014; Accepted 30 June 2014; Published 10 July 2014
Academic Editor: Duen-Suey Chou

Copyright © 2014 Yu-Ying Chen et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Critical vascular inflammation leads to vascular dysfunction and cardiovascular diseases, including abdominal aortic aneurysms,
hypertension, and atherosclerosis. Andrographolide is the most active and critical constituent isolated from the leaves of
Andrographis paniculata, a herbal medicine widely used for treating anti-inflammation in Asia. In this study, we investigated the
mechanisms of the inhibitory effects of andrographolide in vascular smooth muscle cells (VSMCs) exposed to a proinflammatory
stimulus, tumor necrosis factor-a« (TNF-«). Treating TNF-a-stimulated VSMCs with andrographolide suppressed the expression
of inducible nitric oxide synthase in a concentration-dependent manner. A reduction in TNF-«a-induced c-Jun N-terminal kinase
(JNK), Akt, and p65 phosphorylation was observed in andrographolide-treated VSMCs. However, andrographolide affected neither
IxBa degradation nor p38 mitogen-activated protein kinase or extracellular signal-regulated kinase 1/2 phosphorylation under
these conditions. Both treatment with LY294002, a phosphatidylinositol 3-kinase/Akt inhibitor, and treatment with SP600125,
a JNK inhibitor, markedly reversed the andrographolide-mediated inhibition of p65 phosphorylation. In addition, LY294002
and SP600125 both diminished Akt phosphorylation, whereas LY294002 had no effects on JNK phosphorylation. These results
collectively suggest that therapeutic interventions using andrographolide can benefit the treatment of vascular inflammatory
diseases, and andrographolide-mediated inhibition of NF-«B activity in TNF-a-stimulated VSMCs occurs through the JNK-Akt-
p65 signaling cascade, an IxBa-independent mechanism.

of cardiovascular diseases. Numerous studies have shown
that several cytokines, including tumor necrosis factors
(TNFs), interleukins, and interferons (IFNs), are important
inflammatory stimulators of VSMCs in vitro and in vivo
[3]. These inflammatory stimulators interact with specific
receptors and activate signaling cascades, leading to inflam-

1. Introduction

Coronary artery disease (CAD) represents the leading cause
of mortality and morbidity in developed countries, and
atherosclerosis is the hallmark of many critical events in the
pathogenesis of CAD [1]. Consequently, developing novel
therapeutic agents for atherosclerosis patients is a major

research priority. One of the risk factors for atherosclerosis
is chronic and mild inflammation of the arteries [2]. There-
fore, the inhibition of vascular smooth muscle cell (VSMCQC)
inflammation might be a major target for the treatment

matory responses such as matrix metalloproteinase (MMP)
expression; nitric oxide (NO); reactive oxygen species (ROS)
production; and subsequent cell growth, adhesion, and
migration [3].
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Accumulating evidence has indicated that the induction
of inducible nitric-oxide synthase (iNOS), a key enzyme
for NO biosynthesis, contributes to the process of vascu-
lar diseases, such as atherosclerosis [4]. Vascular inflam-
matory responses induced by pathogens or cytokines are
accompanied by the generation of peroxynitrite, a potent
and vasotoxic molecule formed through the reaction of
NO and superoxide [5]. In addition, a study showed that
iNOS contributes to TNF-a-induced inflammation and reg-
ulates vascular endothelial functions [6]. Previous studies on
TNF-«a have reported a positive correlation through signal
transduction pathways that converge at mitogen-activated
protein kinases (MAPKSs) [7] or nuclear factor-«B (NF-«B)
[8]. Conversely, cellular responses to inflammatory stimuli
mainly involve the activation of Akt signaling cascades. Akt
is involved in the phosphatidylinositol 3-kinase (PI3K)/Akt
signaling pathway, which regulates cellular processes, such
as cell proliferation, survival, and inflammation [9], and was
reported to be essential to TNF-a-induced NF-xB activation
[10].

Andrographolide (Figure 1), a novel NF-xB inhibitor, is
the most active and critical constituent isolated from the
leaves of Andrographis paniculata [11]. A. paniculata has long
been used as herbal medicine to prevent and treat upper
respiratory tract infections, diarrhea, rheumatoid arthritis,
and laryngitis in Asia and Scandinavia [11, 12]. Our previous
studies have revealed that andrographolide enhances NF-xB
subunit p65 Ser536 dephosphorylation and ROS formation
by stimulating neutral sphingomyelinase-mediated ceramide
formation in VSMCs [13, 14] and inhibits platelet aggregation
by suppressing the p38MAPK/HO™-NF-xB-extracellular-
signal-regulated-kinase (ERK) 2 cascade [15, 16]. Although
andrographolide has exhibited anti-inflammatory activity
in various cell types, its anti-inflammatory mechanism in
VSMCs remains unclear. In the present study, by considering
the pivotal role of VSMC inflammation in the development
of atherosclerosis and restenosis [17], we investigated in
detail the protective cellular signaling events associated with
andrographolide in rat VSMCs stimulated by TNF-«, which
represented vascular inflammatory conditions.

2. Materials and Methods

2.1. Materials. Dulbeccos modified Eagle’s medium
(DMEM), trypsin (0.25%), L-glutamine, penicillin/streptom-
ycin, and fetal bovine serum (FBS) were purchased from
Gibco (Gaithersburg, MD, USA). Andrographolide (>98%),
TNF-«, LY294002, SP600125, and dimethyl sulfoxide
(DMSO) were obtained from Sigma-Aldrich (St. Louis,
MO, USA). The anti-iNOS rabbit polyclonal antibody (pAb)
and the anti-p65 antibody were purchased from Santa
Cruz Biotechnology (Dallas, TX, USA); the anti-a-tubulin
mouse monoclonal antibody (mAb) was purchased from
Thermo Scientific (Waltham, MA, USA); and the anti-
phospho-p38 MAPK Thrl80/Tyrl82 rabbit pAb, anti-p38
MAPK, anti-phospho-p44/p42 extracellular signal-regulated
kinase (ERK1/2) Thr202/Tyr204 rabbit pAb, anti-ERK1/2
antibody, anti-phospho-JNK Thr183/Tyrl85 rabbit mAb,
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FIGURE 1: Chemical structure of andrographolide (Andro).

anti-JNK antibody, anti-phospho-Akt Ser473 rabbit pAb,
anti-Akt antibody, anti-phospho-p65 Ser536 rabbit pAb,
and anti-IxkBa antibody were purchased from Cell Signaling
(Danvers, MA, USA). A hybond-P polyvinylidene difluoride
(PVDF) membrane, an enhanced chemiluminescence (ECL)
western blotting detection reagent and analysis system, the
horseradish-peroxidase- (HRP-) conjugated donkey anti-
rabbit immunoglobulin G (IgG), and the sheep anti-mouse
IgG were acquired from Amersham (Buckinghamshire, UK).
Andrographolide was dissolved in 0.1% DMSO and stored at
4°C until it was used.

2.2. Rat Aortic Smooth Muscle Cell Primary Culture. The
male Wistar rats used in this study were purchased from
BioLASCO (Taipei, Taiwan). The VSMCs were enzymatically
dispersed from the male Wistar rats (250-300 g). Thoracic
aortas from the Wistar rats were removed and stripped of
the endothelium and adventitia. The VSMCs were obtained
using a modification of the combined collagenase and
elastase digestion method [18]. These cells were grown in
DMEM supplemented with 20 mM HEPES, 10% FBS, 1%
penicillin/streptomycin, and 2mM glutamine at 37°C in a
humidified atmosphere of 5% CO,. The growth medium
was changed every 2-3d until the cells 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 observed under
a phase-contrast microscope until the cells detached. The
cells were removed using 10 mL of DMEM and centrifuged
at 900 rpm for 7 min. The pellet was resuspended in DMEM
in a culture dish, and cells from Passages 4-8 were used in
all experiments. All protocols were approved by the Taipei
Medical University Animal Care and Use Committee.

2.3. Cell Morphology. The VSMCs (5 x 10° cells/dish) were
seeded in 60-mm dishes and cultured in DMEM containing
10% FBS for 24 h. Cell morphology was evaluated by phase
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FIGURE 2: Effects of andrographolide on iNOS expression in TNF-a-stimulated VSMCs. (a) Photomicrograph showing the primary cultured
rat aortic VSMCs (magnification x100). (b) The VSMCs were treated with PBS (resting group) or pretreated with andrographolide (20 and
50 uM) or an equal volume of DMSO (solvent control) for 20 min, and TNF-« (10 ng/mL) was subsequently added for 24 h. The iNOS protein
level was evaluated as described in Section 2. **P < 0.01 compared with the resting group; **P < 0.01 compared with the TNF-« group. The

data are presented as the mean + SEM (n = 3).

contrast microscopy without preliminary fixation. The pri-
mary cultured rat aortic VSMCs exhibited “hills and valleys”
pattern (Figure 2(a)), and the expression of a-smooth muscle
actin was confirmed (data not shown). The micrographs were
recorded using a Nikon phase-contrast microscope (Tokyo,
Japan).

2.4. Immunoblot Analysis. Immunoblot analyses were per-
formed as described previously [18]. Briefly, the VSMCs (5 x
10° cells/dish) were treated as the experimental design. After
the experimental period, the proteins were extracted using a
lysis buffer. Lysates were centrifuged, the supernatant protein
(50 ug) was collected and subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, and the separated
proteins were electrophoretically transferred onto 0.45-um

PVDF membranes by using semidry transfer (Bio-Rad, Her-
cules, CA, USA). The blots were blocked with TBST (10 mM
Tris-base, 100 mM NaCl, and 0.01% Tween 20) containing
5% bovine serum albumin for 1h and then probed with
various primary antibodies. The membranes were incubated
with HRP-linked anti-mouse IgG or anti-rabbit IgG (diluted
1:3000 in TBST) for 1h. The immunoreactive bands were
detected using an ECL system. Bar graphs depict the ratios of
quantitative results obtained by scanning the reactive bands
and quantifying the optical density by using video densit-
ometry (Bio-Profil; Biolight Windows application Version
2000.01; Vilber Lourmat, France).

2.5. Statistical Analysis. The experimental results are
expressed as the means + standard error and are accompanied



by the number of observations. Data were assessed using
an analysis of variance. If an analysis indicated significant
differences among the group means, then each group was
compared with the other groups by using the Newman-Keuls
method. Values of P < 0.05 indicated statistical significance.

3. Results

3.1. Effects of Andrographolide on the Expression of Inducible
Nitric Oxide Synthase in Tumor Necrosis Factor-a-Stimulated
Vascular Smooth Muscle Cells. We examined whether andro-
grapholide affects the protein level of iNOS, which catalyzes
NO formation, in TNF-a-stimulated VSMCs. As shown in
Figure 2(b), treatment with TNF-« increased iNOS expres-
sion 1.7 + 0.1-fold compared with the iNOS expression
observed in the control group (P < 001, n = 3).
Concentration-dependent inhibition was observed in TNF-
a-stimulated VSMCs in response to treatment with 20 yM
and 50 uM andrographolide; specifically, iNOS expression
decreased to 29.4% and 47.1%, respectively.

3.2. Effects of Andrographolide on p38 Mitogen-Activated
Protein Kinase, Extracellular Signal-Regulated Kinase 1/2,
c-Jun N-Terminal Kinase, and Akt Signaling Pathways in
Tumor Necrosis Factor-a-Stimulated Vascular Smooth Mus-
cle Cells. Vascular inflammation is intensively included in
cardiovascular disease. In response to inflammatory stimuli,
MAPK phosphorylation increases and subsequently pro-
motes VSMC proliferation and migration [19]. To explore the
mechanisms through which andrographolide inhibits TNF-
a-induced vascular inflammation, we examined the effects
of andrographolide on the status of p38MAPK, ERK1/2, and
JNK activation in TNF-a-stimulated VSMCs. As shown in
Figure 3(a), the increase in p38MAPK phosphorylation was
2.2 + 0.2-fold (P < 0.05, n = 3) after the VSMCs were
exposed to TNF-« for 10 min. In addition, 10-min TNF-«
treatment caused 1.7 + 0.1-fold and 1.9 + 0.1-fold increases in
ERK1/2 and JNK phosphorylation (P < 0.01, n = 3) (Figures
3(b) and 3(c)). Pretreating the cells with 20 and 50 uM
andrographolide significantly reduced TNF-«a-induced JNK
phosphorylation (Figure 3(c)). However, pretreating the cells
with 20 or 50 uM andrographolide did not significantly
affect TNF-a-induced p38MAPK or ERK1/2 phosphorylation
(Figures 3(a) and 3(b)). By contrast, a study reported that Akt
is a crucial regulator involved in cell metabolism, cell growth,
and vascular inflammation [20]. Figure 3(d) shows that Akt
phosphorylation increased 1.5 + 0.0-fold (P < 0.01,n = 3)
after the VSMCs were exposed to TNF-« for 10 min. Pretreat-
ing the cells with 20 and 50 M andrographolide significantly
reduced TNF-a-induced Akt phosphorylation (Figure 3(d)).
These results collectively suggested that andrographolide
suppresses vascular inflammation by inhibiting JNK and Akt
signaling cascades in TNF-a-stimulated VSMCs.

3.3. Effects of Andrographolide on IxBa Degradation and
p65 Phosphorylation in Tumor Necrosis Factor-a-Stimulated
Vascular Smooth Muscle Cells. Several studies have observed
that NF-xB, a transcription factor, regulates the expression
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of numerous inflammatory proteins, including iNOS [21].
To clarify the mechanism through which andrographolide
inhibits iNOS expression, we evaluated the effect of andro-
grapholide on the level of IxBa, a cellular protein that masks
the nuclear localization signals of NF-xB and keeps them
sequestered in an inactive state [22], in the cytoplasm of TNF-
a-stimulated VSMCs. However, as shown in Figure 4(a),
pretreating the cells with 20 and 50 uM andrographolide
did not reverse TNF-a-induced IxBa degradation. Several
studies have indicated that p65 phosphorylation on serine
536 residue mediating its dimerization, DNA binding, and
nuclear localization was not associated with or regulated by
IxBa [23, 24]. As shown in Figure 4(b), pretreating VSMCs
with 50 uM andrographolide significantly inhibited (47.7%)
TNF-a-induced p65 phosphorylation compared with that
in TNF-a-stimulated VSMCs that were not treated with
andrographolide (P < 0.05, n = 3). These results suggested
that p65 phosphorylation rather than IxBa degradation is
responsible for the andrographolide-mediated inhibition of
NF-xB activation in TNF-a-stimulated VSMCs.

3.4. Andrographolide Suppresses p65 Phosphorylation by
Inhibiting the Akt and c-Jun N-Terminal Kinase Signaling
Pathways in Tumor Necrosis Factor-a-Stimulated Vascular
Smooth Muscle Cells. To clarity the correlations between Akt,
JNK, and andrographolide-induced p65 de-phosphorylation
in TNF-a-stimulated VSMCs, we used LY294002 (a PI3K/Akt
inhibitor) and SP600125 (a JNK inhibitor) to confirm
whether Akt or JNK signaling contributes to TNF-«-induced
p65 phosphorylation in VSMCs. As shown in Figure 5(a),
LY294002 at 10 uM significantly inhibited TNF-a-induced
p65 phosphorylation. Similarly, a JNK inhibitor, SP600125
(10 uM), effectively attenuated TNF-a-induced p65 phos-
phorylation (Figure 5(a)). We further investigated the rela-
tionship between Akt and JNK phosphorylation and found
that LY294002 (10 uM) and SP600125 (10 M) obviously
diminished TNF-a-induced Akt phosphorylation in VSMCs
(Figure 5(b)), whereas LY294002 had no significant effects
on TNF-a-induced JNK phosphorylation except SP600125
(Figure 5(c)). These results collectively suggested that andro-
grapholide suppresses p65 phosphorylation by inhibiting the
JNK-AKkt signaling cascade in TNF-a-stimulated VSMCs.

4. Discussion

Our previous study suggested that andrographolide inhibits
LPS/IEN-y-induced iNOS and MMP-9 expression in rat
VSMCs and revealed that andrographolide reduced neoin-
timal formation in a rat carotid injury model [13]. Recent
studies have indicated that andrographolide inhibits TNF-«-
induced PI3K/Akt phosphorylation and subsequent NF-xB
activation in vascular endothelial cells [25, 26]. In addition,
in a mouse model of vascular injury, mice lacking functional
TNF-« developed 14-fold less neointima than wild-type mice
did [27]. We hypothesized that the anti-inflammatory effects
of andrographolide in the rat model of vascular injury are
related to the modulating effects of andrographolide in TNF-
a-stimulated VSMCs. Therefore, the objective of this study
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FIGURE 3: Effects of andrographolide on p38MAPK, ERK1/2, NK, and Akt signaling pathways in TNF-a-stimulated VSMCs. The VSMCs
were treated with PBS (resting group) or pretreated with andrographolide (20 and 50 M) or an equal volume of DMSO (solvent control)
for 20 min, and TNF-« (10 ng/mL) was subsequently added for 10 min. (a) p38MAPK phosphorylation, (b) ERK1/2 phosphorylation, (c) JNK
phosphorylation, and (d) Akt phosphorylation were evaluated as described in Section 2. *P < 0.05and **P < 0.01 compared with the resting

#H#

group; “P < 0.05 and

was to examine the effect of andrographolide on signaling
molecules involved in TNF-«-stimulated VSMCs. During
vascular inflammation, TNF-« gene transcription was time-
dependently upregulated, indicating the active involvement
of TNF-« in the development of cardiovascular disease [28].

P < 0.001 compared with the TNF-« group. The data are presented as the mean + SEM (n = 3).

TNF-« is a pleiotropic cytokine, and its receptor binding
leads to the activation of MAPK, Akt, and NF-«B signaling
cascades [29], thereby eliciting a broad spectrum of cellular
responses involved in the control of VSMC proliferation,
migration, apoptosis, and inflammation. In the present study,
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FIGURE 4: Effects of andrographolide on IxB« degradation and p65 activation in TNF-a-stimulated VSMCs. The VSMCs were treated with
PBS (resting group) or pretreated with andrographolide (20 and 50 M) or an equal volume of DMSO (solvent control) for 20 min, and
TNF-« (10 ng/mL) was subsequently added for 30 min. (a) IxB«a degradation and (b) p65 phosphorylation were evaluated as described in
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Section 2. P < 0.05 and
as the mean + SEM (n = 3).

to increase the potential for using andrographolide to treat
cardiovascular diseases, we showed that andrographolide
inhibits TNF-«a-induced iNOS expression in rat VSMCs.
TNF-« induces VSMC inflammation through signal
transduction pathways that converge at MAPKs or NF-
kB pathways [29]. MAPKs are activated in response to
inflammatory and atherogenic stimuli, such as PDGF-BB,
TNF-«, oxidative stress, hypertension, and balloon injury,
and stimulate the expression of several inducible proteins
[30]. Furthermore, cellular responses to inflammatory stimuli
involve the activation of Akt signaling cascades. The results
reported by Chen et al. [26] indicated that andrographolide
reduced TNF-a-induced Akt phosphorylation in vascu-
lar endothelial cells. Whether MAPKs and Akt contribute
to the anti-inflammatory property of andrographolide in
VSMC:s has not been determined. In the present study, we
observed that andrographolide suppresses vascular inflam-
mation by inhibiting JNK and Akt signaling cascades, but not
p38MAPK and ERK1/2, in TNF-«-stimulated VSMCs.
NEF-xB activation is securely controlled to ensure a func-
tional host defense and prevent tumorigenesis and hyper-
inflammation [22]. The NF-xB common form in mainly
cell types is the p65/p50 heterodimer, and NF-«B signaling
is governed by the IKK complex, which consists of IKKa,
IKKp, IKKy, and the downstream substrate IxBo. After
stimulation, activated IKK phosphorylates IxB«, leading to
IxBa degradation, enhanced NF-«B nuclear translocation
and subsequent transcriptional activation [31]. However,
andrographolide did not affect IxBa degradation in this

P < 0.001 compared with the resting group; *P < 0.05 compared with the TNE-a group. The data are presented

study. Sasaki et al. have suggested that p65 phosphorylated
on serine 536 is not associated with or regulated by IxBe,
that it has a distinct set of target genes, and that it may
represent a noncanonical NF-xB pathway that is independent
of IxBa regulation [24]. In this study, we observed that the
inhibition of p65 Ser536 phosphorylation may be related to
the andrographolide-mediated inhibition of NF-xB in TNF-
a-stimulated VSMCs.

Based on the data regarding the effects of andro-
grapholide on MAPKs and Akt in the present study, we
postulated that JNK and Akt must be inactivated to enable
andrographolide to attenuate p65 phosphorylation. The
prototype enzyme activated by PI3Ks is protein kinase B
(PKB/Akt), a serine-threonine kinase. Three Akt isoforms are
known, namely, Aktl, Akt2, and Akt3. Among these isoforms,
Aktl appears to be the enzyme that is the most relevant to
cardiovascular functions [32]. Aktl, a crucial vascular effector
of PI3K, plays a determinant role in atheroprotection. In
double ApoE-Aktl knockout mice, atherosclerotic lesions in
the aorta and coronary vessels are more severe than those in
ApoE-knockout controls. Loss of Aktl in the vessel wall is
associated with increased inflammatory signaling [33]. Thus,
PI3Kg/Aktl should be considered a fundamental molecular
axis for the pathobiology of atherosclerosis. JNK is an inflam-
matory and stress-sensitive kinase. Because JNK plays contra-
dictory roles in cell growth and death, the relative activation
of these proteins is vital for the inflammatory status of the cell.
As crucial upstream regulators in VSMC inflammation, Akt
and JNK play key roles in the pathology of atherosclerosis 30,
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FIGURE 5: Regulatory effects of various signal inhibitors on p65 activation and Akt and JNK phosphorylation in TNF-a-stimulated VSMCs.
The VSMCs were treated with PBS (resting group) or pretreated with LY294002 (10 M), SP600125 (10 #M), or an equal volume of DMSO
(solvent control) for 20 min, and TNF-« (10 ng/mL) was subsequently added for 10 min ((b) and (c)) or 30 min (a). (a) p65 phosphorylation,
(b) Akt phosphorylation, and (c) JNK phosphorylation were evaluated as described in Section 2. “P < 0.05 and “*P < 0.01 compared with
the resting group; “P < 0.05 compared with the TNF-« group. The data are presented as the mean + SEM (1 = 3).

32]. Studies support the hypothesis that MAPK is required
for the activation of several transcription factors, including
NF-xB [34]. Bergmann et al. also demonstrated that the
inhibitor of p38 MAPK SB203580 abolished TNF-a-induced
cytokine synthesis and blocked NF-«xB-mediated luciferase
transactivation [35]. As shown in Figure5, we observed
that treatment with LY294002 (a PI3K/Akt inhibitor) and

treatment with SP600125 (a JNK inhibitor) in TNF-a-
stimulated VSMCs reversed the andrographolide-mediated
inhibition of p65 phosphorylation; this observation is con-
sistent with the results of a previous study that indicated
that the PI3K/Akt and JNK signaling pathways regulate NF-
kB activation [26, 36]. In addition, based on our results,
LY294002 and SP600125 diminished Akt phosphorylation,
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FIGURE 6: Diagram of the hypothetical inhibitory mechanism of andrographolide-induced effects in TNF-a-stimulated VSMCs. TNF-«
triggers the expression of iNOS through IxBa-(IxkBa-p65) and IxkBa-independent (JNK-Akt-p65) pathways.

whereas LY294002 had no effects on JNK phosphorylation.
Golden et al. have also found that combination of the MAPK
Kinase-JNKI signaling module with Akt represents a crucial
stress-activated signalosome that may present protection to
sustain cardiac contractility and maintain normal levels of
Ca®" [37]. These results may indicate that JNK, as a crucial
upstream regulator, plays a key role to regulate the Akt
phosphorylation in TNF-a-stimulated VSMCs.

Multiple lines of evidence have suggested that a NO-
derived oxidant, peroxynitrite, contributes to inflamma-
tory cardiovascular diseases, such as atherogenesis [5]. Our
results indicated that andrographolide significantly dimin-
ished iNOS expression in TNF-a-stimulated VSMCs by
attenuating the Akt and JNK signaling cascade. Moreover, our
data suggested that the IxBa-independent inhibition of NF-
kB activation occurs through the JNK-Akt signaling cascade
to regulate the activation of p65 phosphorylation (Figure 6).
In conclusion, andrographolide is a potential therapeutic
agent that can be applied in treating and preventing inflam-
matory vascular diseases.

Conflict of Interests

The authors declare no conflict of interests.

Acknowledgments

This work was supported by Grants from the National Science
Council, Taiwan (NSC98-2320-B-038-007-MY3, NSCI100-
2320-B-038-021-MY3, and NSC101-2320-B-038-034) and the
Chi-Mei Medical Center-Taipei Medical University (102CM-
TMU-11).

References

[1] G. E. McKellar, D. W. McCarey, N. Sattar, and I. B. McInnes,
“Role for TNF in atherosclerosis? Lessons from autoimmune
disease.,” Nature reviews. Cardiology, vol. 6, no. 6, pp. 410-417,
20009.

[2] E K. Swirski, M. Nahrendorf, M. Etzrodt et al., “Identification
of splenic reservoir monocytes and their deployment to inflam-
matory sites,” Science, vol. 325, no. 5940, pp. 612-616, 2009.

[3] Z. Yang, D. Gagarin, G. St. Laurent et al,, “Cardiovascular
inflammation and lesion cell apoptosis: a novel connection via
the interferon-inducible immunoproteasome,” Arteriosclerosis,
Thrombosis, and Vascular Biology, vol. 29, no. 8, pp. 12131219,
20009.

N. Cartwright, O. Murch, S. K. McMaster et al., “Selective NOD1
agonists cause shock and organ injury/dysfunction in vivo,” The
American Journal of Respiratory and Critical Care Medicine, vol.
175, no. 6, pp. 595-603, 2007.

=



The Scientific World Journal

(5]

(6]

(10]

(11]

(13]

(14]

(15]

(16]

(17]

Y. Hattori, M. Matsumura, and K. Kasai, “Vascular smooth
muscle cell activation by C-reactive protein,” Cardiovascular
Research, vol. 58, no. 1, pp. 186-195, 2003.

J. Wang, W. Qian, and Q. Zhu, “Martentoxin, a large-
conductance Ca’"-activated K* channel inhibitor, attenuated
TNF-alpha-induced nitric oxide release by human umbilical
vein endothelial cells,” Journal of Biomedical Research, vol. 27,
no. 5, pp. 386-393, 2013.

E. M. Rzucidlo, “Signaling pathways regulating vascular smooth
muscle cell differentiation,” Vascular, vol. 17, no. 1, pp. S15-S20,
20009.

C.-H. Chung, K.-T. Lin, C.-H. Chang, H.-C. Peng, and T.-E
Huang, “The integrin «,3; agonist, aggretin, promotes prolif-
eration and migration of VSMC through NF-«B translocation
and PDGF production,” British Journal of Pharmacology, vol.
156, no. 5, pp. 846-856, 2009.

B. T. Hennessy, D. L. Smith, P. T. Ram, Y. Lu, and G. B. Mills,
“Exploiting the PI3K/AKT pathway for cancer drug discovery,’
Nature Reviews Drug Discovery, vol. 4, no. 12, pp. 988-1004,
2005.

O. N. Ozes, L. D. Mayo, J. A. Gustin, S. R. Pfeffer, L. M. Pfeffer,
and D. B. Donner, “NF-«B activation by tumour necrosis factor
requires tie Akt serine- threonine kinase,” Nature, vol. 401, no.
6748, pp. 82-85,1999.

J. T. Coon and E. Ernst, “Andrographis paniculata in the
treatment of upper respiratory tract infections: a systematic
review of safety and efficacy;” Planta Medica, vol. 70, no. 4, pp.
293-298, 2004.

N. Poolsup, C. Suthisisang, S. Prathanturarug, A. Asawamekin,
and U. Chanchareon, “Andrographis paniculata in the symp-
tomatic treatment of uncomplicated upper respiratory tract
infection: systematic review of randomized controlled trials,”
Journal of Clinical Pharmacy and Therapeutics, vol. 29, no. 1, pp.
37-45,2004.

C. Y. Hsieh, M. J. Hsu, G. Hsiao et al., “Andrographolide
enhances nuclear factor-«B subunit p65 Ser536 dephosphory-
lation through activation of protein phosphatase 2A in vascular
smooth muscle cells,” The Journal of Biological Chemistry, vol.
286, no. 8, pp. 5942-5955, 2011.

Y. Y. Chen, M. J. Hsu, J. R. Sheu, L. W. Lee, and C. Y. Hsieh,
“Andrographolide, a novel NF- kappa B inhibitor, induces
vascular smooth muscle cell apoptosis via a ceramide-p47phox-
ROS signaling cascade,” Evidence-Based Complementary Alter-
native Medicine, vol. 2013, Article ID 821813, 10 pages, 2013.

W. Lu, J. Lee, D. Chou et al., “A novel role of andrographolide,
an NF-kappa B inhibitor, on inhibition of platelet activation: the
pivotal mechanisms of endothelial nitric oxide synthase/cyclic
GMP;” Journal of Molecular Medicine, vol. 89, no. 12, pp. 1261~
1273, 2011.

W. J. Lu, K. H. Lin, M. J. Hsu, D. S. Chou, G. Hsiao, and J.
R. Sheu, “Suppression of NF-«B signaling by andrographolide
with a novel mechanism in human platelets: Regulatory roles
of the p38 MAPK-hydroxyl radical-ERK2 cascade,” Biochemical
Pharmacology, vol. 84, no. 7, pp. 914-924, 2012.

S. Patel, D. S. Celermajer, and S. Bao, “Atherosclerosis-
underlying inflammatory mechanisms and clinical implica-
tions,” The International Journal of Biochemistry and Cell Biol-
ogy, vol. 40, no. 4, pp. 576-580, 2008.

G. Hsiao, M. Shen, W. Chang et al., “A novel antioxidant, octyl
caffeate, suppression of LPS/IFN-y-induced inducible nitric
oxide synthase gene expression in rat aortic smooth muscle

(21]

[22]

[24

(25]

[26]

[27]

(31]

[32

(33]

(34]

cells;” Biochemical Pharmacology, vol. 65, no. 8, pp. 1383-1392,
2003.

A. H. Sprague and R. A. Khalil, “Inflammatory cytokines
in vascular dysfunction and vascular disease,” Biochemical
Pharmacology, vol. 78, no. 6, pp. 539-552, 2009.

C. Dugourd, M. Gervais, P. Corvol, and C. Monnot, “Akt is a
major downstream target of PI3-kinase involved in angiotensin
II-induced proliferation,” Hypertension, vol. 41, no. 4, pp. 882-
890, 2003.

Y. Hattori, K. Kasai, and S. S. Gross, “NO suppresses while per-
oxynitrite sustains NF-xB: a paradigm to rationalize cytopro-
tective and cytotoxic actions attributed to NO;” Cardiovascular
Research, vol. 63, no. 1, pp. 31-40, 2004.

S. Ghosh and M. Karin, “Missing pieces in the NF-«xB puzzle;
Cell, vol. 109, no. 2, pp. S81-596, 2002.

Q. Li and I. M. Verma, “NF-«xB regulation in the immune
system,” Nature Reviews Immunology, vol. 2, no. 10, pp. 725-734,
2002.

C. Y. Sasaki, T. J. Barberi, P. Ghosh, and D. L. Longo, “Phospho-
rylation of RelA/p65 on serine 536 defines an IxBa- indepen-
dent NF-«B pathway;” The Journal of Biological Chemistry, vol.
280, no. 41, pp. 34538-34547, 2005.

C. Chao, C. Lii, I-T. Tsai et al, “Andrographolide inhibits
ICAM-1 expression and NF-«B activation in TNF-a-treated
EA.hy926 cells,” Journal of Agricultural and Food Chemistry, vol.
59, no. 10, pp. 5263-5271, 2011.

H. Chen, A. Lin, H. Chu et al., “Inhibition of TNF-a-induced
inflammation by andrographolide via down-regulation of the
PI3K/Akt signaling pathway;” Journal of Natural Products, vol.
74, no. 11, pp. 2408-2413, 2011.

J. E. Rectenwald, L. L. Moldawer, T. S. Huber, J. M. Seeger,
and C. K. Ozaki, “Direct evidence for cytokine involvement in
neointimal hyperplasia,” Circulation, vol. 102, no. 14, pp. 1697~
1702, 2000.

J. W. Gordon, J. A. Shaw, and L. A. Kirshenbaum, “Multiple
facets of NF-«xB in the heart: to be or not to NF-kB,” Circulation
Research, vol. 108, no. 9, pp. 1122-1132, 2011.

D. Guo and D. B. Donner, “Tumor necrosis factor promotes
phosphorylation and binding of insulin receptor substrate 1
to phosphatidylinositol 3-kinase in 3T3-Ll adipocytes;,” The
Journal of Biological Chemistry, vol. 271, no. 2, pp. 615-618,1996.

S. Kim and H. Iwao, “Stress and vascular responses: mitogen-
activated protein kinases and activator protein-1 as promising
therapeutic targets of vascular remodeling,” Journal of Pharma-
cological Sciences, vol. 91, no. 3, pp. 177-181, 2003.

N. D. Perkins, “Integrating cell-signalling pathways with NF-«xB
and IKK function,” Nature Reviews Molecular Cell Biology, vol.
8, no. 1, pp. 49-62, 2007.

I. Shiojima and K. Walsh, “Role of Akt signaling in vascular
homeostasis and angiogenesis,” Circulation Research, vol. 90, no.
12, pp. 1243-1250, 2002.

C. Fernandez-Hernando, E. Ackah, J. Yu et al., “Loss of Aktl
leads to severe atherosclerosis and occlusive coronary artery
disease,” Cell Metabolism, vol. 6, no. 6, pp. 446-457, 2007.

J. Garcia, B. Lemercier, S. Roman-Roman, and G. Rawadi, “A
Mycoplasma fermentans-derived synthetic lipopeptide induces
AP-1and NF-xB activity and cytokine secretion in macrophages
via the activation of mitogen-activated protein kinase path-
ways,” The Journal of Biological Chemistry, vol. 273, no. 51, pp.
34391-34398, 1998.



10

(35]

[36]

(37]

M. Bergmann, L. Hart, M. Lindsay, P. ]. Barnes, and R. Newton,
“IxBa degradation and nuclear factor-«B DNA binding are
insufficient for interleukin-18 and tumor necrosis factor-a-
induced xb-dependent transcription. Requirement for an addi-
tional activation pathway;,” The Journal of Biological Chemistry,
vol. 273, no. 12, pp. 6607-6610, 1998.

W. E. Chiou, C. C. Chen, and B. L. Wei, “3,4-Di-O-caffeoylquinic
acid inhibits angiotensin-II-induced vascular smooth muscle
cell proliferation and migration by downregulating the JNK and
PI3k/AKT signaling pathways,” Evidence-Based Complementary
and Alternative Medicine, vol. 2011, Article ID 634502, 8 pages,

2011.

H. B. Golden, L. E. Watson, D. Nizamutdinov et al., “Anthrax
lethal toxin induces acute diastolic dysfunction in rats through
disruption of the phospholamban signaling network,” Interna-
tional Journal of Cardiology, vol. 168, no. 4, pp. 3884-3895, 2013.

The Scientific World Journal



