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Thunbergia alata inhibits inflammatory responses through
the inactivation of ERK and STAT3 in macrophages
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Abstract. Thunbergia alata (Acanthaceae) has been used
traditionally to treat various inflammatory diseases such
as fever, cough and diarrhea in East African countries
including Uganda and Kenya. However, systemic studies
elucidating the anti-inflammatory effects and precise mecha-
nisms of action of T. alata have not been conducted, to
the best of our knowledge. To address these concerns, we
explored the anti-inflammatory effects of a methanol extract of
T. alata (MTA) in macrophages. Non-cytotoxic concentrations
of MTA (<300 pg/ml) inhibited nitric oxide (NO) production in
lipopolysaccharide (LPS)-stimulated RAW 264.7 macrophages
by transcriptional regulation of inducible NO synthase in a
dose-dependent manner. The expression of cyclooxygenase-2,
the enzyme responsible for the production of prostaglandin E,,
was unchanged by MTA at the mRNA and protein levels. MTA
treatment inhibited interleukin (IL)-6 production and decreased
the mRNA expression of pro-inflammatory cytokines, including
IL-6 and IL-1f3. Tumor necrosis factor-a production and mRNA
expression were not regulated by MTA treatment. The decreased
production of inflammatory mediators by MTA was followed
by the reduced phosphorylation of extracellular signal-regulated
kinase (ERK) and signal transducer and activator of transcrip-
tion 3 (STAT3). MTA treatment had no effect on activity of
other mitogen-activated protein kinases (MAPKSs), p38, c-Jun
N-terminal kinase (JNK), and nuclear factor-xB (NF-xB).
These results indicate that MTA selectively inhibits the exces-
sive production of inflammatory mediators in LPS-stimulated
murine macrophages by reducing the activity of ERK and
STAT3, suggesting that MTA plays an important inhibitory role
in the modulation of severe inflammation.
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Introduction

Inflammation is a defense mechanism of the innate immune
system against invading agents such as bacteria, viruses, and
fungi (1-4). Defense processes in the innate immune system
are mediated by the production of various inflammatory medi-
ators, such as nitric oxide (NO), and prostaglandin E, (PGE,),
as well as the expression of various pro-inflammatory cyto-
kines, such as interleukin (IL)-1p, IL-6, and tumor necrosis
factor (TNF)-a (5-10). However, excessive amounts of these
mediators cause severe inflammatory diseases, including
septic shock, rheumatoid arthritis, systemic lupus erythema-
tosus, cancer and inflammatory bowel disease, although the
enhanced production of inflammatory mediators is important
for host defense against external stimuli (10-16). Macrophages
are the major cells that induce inflammatory responses by
producing the various inflammatory mediators listed above.
Therefore, investigation of the agents that inhibit the exces-
sive production of inflammatory mediators in activated
macrophages may be a viable strategy for developing effective
anti-inflammatory agents.

Thunbergia alata (Acanthaceae), commonly known as
Black-eyed Susan vine, is a native plant of East Africa and has
been naturalized in other parts of the world, including Brazil,
Hawaii, Eastern Australia, and Southern USA. This plant was
traditionally used to treat inflammatory diseases. In Uganda,
mild infusions of the leaves and stems of T. alata are orally
administered to treat fever and malaria (17). Moreover, the
infusion of leaves was also introduced to treat diarrhea (18).
Jeruto et al reported that cough, flu, and backache were relieved
by the oral administration of the infusion of 7. alata leaves in
Kenya (19). Other researchers reported that in Kenya, topical
application of pounded leaves of T. alata was successful in
the treatment of boils on the skin (20). Furthermore, several
studies have elucidated the pharmacological properties of
T. alata including antimicrobial, antiviral, antifungal and
sun protective effects (21-23). According to phytochemical
research, T. alata contains phenolic compounds, such as
caffeoylmalic, feruloylmalic, and p-coumaroylmalic acids,
iridoid glucosides such as alatoside and thunaloside, stil-
bericoside, 6-epi-stilbericoside and thunbergioside (24,25).
Of these compounds, caffeoylmalic acid has been reported
to exert anti-inflammatory, antioxidant and anti-spasmodic
effects (26-28).
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Although this plant has been used traditionally and evalu-
ated for its pharmacological activities, no systemic studies on
the immunomodulatory effects of the extract are available.
In the present study, we aimed to confirm the ethnopharma-
cological benefits of T. alata in severe inflammatory states
using lipopolysaccharide (LPS)-activated macrophages.
Furthermore, we aimed to elucidate the precise mechanism of
action responsible for the anti-inflammatory effects of T. alata
as there are no prior reports regarding the mechanism of action
of the methanol extract of 7. alata (MTA).

Materials and methods

Preparation of MTA. A methanol extract (voucher no:
KRIB0043981) of T. alata (Acanthaceae) collected from Lam
Dong (Vietnam) was purchased from the International Biological
Material Research Center [http://www.ibmrc.re.kr, Korea
Research Institute of Bioscience and Biotechnology (KRIBB),
Daejeon, Korea]. The concentrated methanol extract was
manufactured according to a standard protocol of KRIBB.
Briefly, the leaves and stems of plants (>1 kg by dry weight)
were dried at room temperature (RT), treated with methanol
(HPLC grade), and sonicated several times at 50°C for 3 days.
The extracts were filtered to remove solid substances and
concentrated with reduced pressure at 50°C. A stock solution
(200 mg/ml) of the extract was prepared in dimethylsulf-
oxide (DMSO), and this was stored at -20°C prior to use.

Cell culture. RAW 264.7 macrophages, a mouse mono-
cyte/macrophage cell line, were obtained from the American
Type Cell Collection (ATCC; Manassas, VA, USA) and
cultured in Dulbecco's modified Eagle's medium (DMEM)
containing 10% fetal bovine serum (FBS) (both from GE
Healthcare, Milwaukee, WI, USA), 50 U/ml penicillin, and
50 pg/ml streptomycin (Gibco-BRL, Grand Island, NY, USA)
at 37°C in humidified air containing 5% CO,.

Antibodies. Rabbit anti-inhibitor of kB (IxB)a (sc-371),
anti-p38 (sc-535), anti-c-Jun N-terminal kinase (JNK; sc-571),
anti-signal transducer and activator of transcription 3 (STAT3;
sc-482), and anti-glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH; sc-25778) antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit
anti-inducible NO synthase (iNOS; 2982), anti-cyclo-
oxygenase (COX)-2 (4842), anti-phospho IxBa (2859),
anti-phospho p38 (9212), anti-extracellular signal-regulated
kinase (ERK; 9102), anti-phospho JNK (Thr184/Tyrl85;
9251), and anti-phospho STAT3 (Tyr705; 9131) and mouse
anti-phospho ERK (Thr202/Tyr204; 9106), were purchased
from Cell Signaling Technology, Inc. (Danvers, MA, USA).

Cell viability assay. The RAW 264.7 macrophages were seeded
in 96-well plates (4x10*/well). Following adhesion overnight,
cells were treated with LPS (1 pg/ml) and various concentra-
tions of MTA for 24 h. EZ-Cytox solution (Daeil Lab, Seoul,
Korea), containing a water soluble tetrazolium salt, was added to
each well for 2 h at 37°C and 100 pl of supernatants were trans-
ferred to a new 96-well plate. The absorbance was measured at
450 nm (650 nm as a reference absorbance) using a Synergy H1
microplate reader (Bio-Tek Instruments, Winooski, VT, USA).
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Nitrite assay. The RAW 264.7 macrophages seeded in 96-well
plates (4x10*/well) overnight were incubated with MTA and
LPS (1 pg/ml) for an additional 24 h. Following incubation,
the levels of NO were determined by assaying the culture
supernatants for nitrite using Griess reagent (1% sulfanil-
amide, 0.1% N-1-naphthylenediamine dihydrochloride and
2.5% phosphoric acid). A standard curve for the calculation of
NO production was acquired by measuring the absorbance of
fixed NaNO, standard solution. The absorbance was measured
at 540 nm using a Synergy H1 microplate reader after incuba-
tion for 10 min.

Enzyme-linked immunosorbent assay (ELISA). The RAW 264.7
cells were stimulated with LPS (1 #g/ml) and MTA for 24 h. After
stimulation, the supernatants were obtained, and a sandwich
ELISA was performed to determine the quantities of TNF-a and
IL-6 in culture supernatants using Ready-SET-Go!® ELISA Kkits
(eBioscience, San Diego, CA, USA) with an antibody specific
to each mediator. Briefly, the plate was pre-coated with coating
antibody in the supplied buffer. Following incubation overnight
at 4°C, the plate was washed with 1X phosphate-buffered saline
Tween (PBST) several times and treated with 1X assay diluents
for 1 h to block non-specific binding. After removal of the assay
diluents, each well was incubated with diluted supernatants or
standard solutions for 2 h at RT. After washing with 1X PBST,
the plate was treated with biotinylated secondary antibody
solution for 1 h. Subsequent replacement with horseradish
peroxidase (HRP)-streptavidin solution was performed after
washing several times. Following incubation at RT for 30 min,
the 3,3,5,5-tetramethylbenzidine (TMB) substrate solution was
added to a washed plate. The reaction was stopped by adding
IN phosphoric acid (H;PO,) after a 10 min incubation in dark
conditions and the optical density of the individual wells was
determined at 450 nm using a Synergy H1 microplate reader.

Semi-quantitative reverse transcription-polymerase chain
reaction (RT-PCR). RAW 264.7 macrophages were treated
with LPS (50 ng/ml) and various concentrations of MTA. After
3 h incubation, total RNA was prepared from the cells using
AccuZol (Bioneer, Daejeon, Korea) and reverse transcribed
into complementary DNA (cDNA) using a TOPscript™ cDNA
Synthesis kit (Enzynomics, Daejeon, Korea). PCR amplifica-
tion of the cDNA was then performed using a PCR Premix
(Bioneer). The sequences of PCR primers used were listed in
our previous study (29). The PCR was run for 17-25 cycles of
94°C (30 sec), 60°C (30 sec), and 72°C (30 sec) using a Bioer
thermal cycler (Bioer Technology Co., Hangzhou, China).
After amplification, 10 pl of the PCR products was separated
in 1.5% (w/v) agarose gels and stained with ethidium bromide.

Reverse transcription-quantitative PCR (RT-qPCR). PCR
amplification of the cDNA was performed using a qPCR
Premix, iTag™ Universal SYBR-Green Supermix (Bio-Rad,
Hercules, CA, USA). The PCR was run for 40 cycles of
denaturation at 94°C (5 sec) and annealing/extension at 60°C
(30 sec) using a CFX Connect™ Real-Time thermal cycler
(Bio-Rad). The results were normalized with multiple refer-
ence genes, 3-actin and GAPDH, and were expressed as the
relative gene expressions to the LPS-treated group (100%).
The PCR primers used were listed in our previous study (29).
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Preparation of total cell lysates. RAW 264.7 cells were
treated with MTA and LPS (1 p#g/ml) for 15 min [for IxBs
and mitogen-activated protein kinases (MAPKSs)] or 24 h (for
iNOS, COX-2 and STAT3) and washed with ice-cold PBS
several times. Cells were lysed in lysis buffer containing
0.5% IGEPAL®™ CA-630, 0.5% Triton X-100, 150 mM NaCl,
20 mM Tris-HCI (pH 8.0), I mM ethylenediaminetetraacetic
acid (EDTA), 1% glycerol, | mM phenylmethylsulfonyl
fluoride (PMSF), 10 mM NaF, and 1 mM Na;VO,. The super-
natants were collected in each microtube and centrifuged at
15,814 x g for 30 min at 4°C.

Western blot analysis. After boiling the mixture of lysates
and sample buffers, aliquots of the samples were separated
in a 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel
and transferred onto nitrocellulose membranes with transfer
buffer [192 mM glycine, 25 mM Tris-HCI (pH 8.8), and
20% MeOH (v/v)]. After blocking with 5% non-fat dried
milk in 1X Tris-buffered saline Tween (TBST) solution, the
membrane was incubated overnight at 4°C with the primary
antibodies which were diluted in 5% BSA- or 5% skim
milk-1X TBST solution. After washing with TBST, each
membrane was incubated for 1 h with secondary peroxidase-
conjugated immunoglobulin G (IgG, 1:5,000). After washing
several times, the protein bands were detected using an
enhanced chemiluminescence (ECL) solution. In the present
study, protein levels were quantified by scanning and
analyzing western blots with LabWorks software (UVP Inc.,
Upland, CA, USA).

The blots shown in Fig. 2D, 3C and 5C were obtained from
the same cell lysates and therefore the identical GAPDH blot
was used. In addition, the blots shown in Fig. SA and B were
also obtained from the same cell lysates.

Statistical analysis and experimental replicates. The graph
data are represented as the means + standard error of the
mean (SEM). Determination of significant differences
between experimental conditions were assessed by the
Mann-Whitney U test which was performed using Prism 3.0
(GraphPad Software, San Diego, CA, USA) and p<0.01 was
considered to indicate a statistically significant difference. The
data from 9 replicates were analyzed, including three indepen-
dent experiments with three replicates in each.

Results

Determination of the non-cytotoxic concentration of MTA
in macrophages. We first examined the effect of MTA on
the cell viability of RAW 264.7 macrophages in order to
determine the maximal effective concentration that exhibits
no cytotoxicity. RAW 264.7 cells were treated with various
concentrations of MTA in the presence of LPS for 24 h and
cell viability was accessed by measuring the formation of
formazan. As shown in Fig. 1, cell viability did not decrease
up to 300 pg/ml of MTA. However, a notable reduction in
cell viability was observed at a concentration of 400 pg/ml
of MTA. We subsequently performed all experiments using
300 pg/ml of MTA to exclude the possibility that the
anti-inflammatory effect of MTA in activated macrophages
was induced through a cytotoxic effect.
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Figure 1. Effects of a methanol extract of Thunbergia alata (MTA) on cell
viability. RAW 264.7 macrophages were treated simultaneously with lipo-
polysaccharide (LPS, 1 ug/ml) and MTA (50, 100, 200, 300, and 400 pg/ml).
Following incubation for 24 h, cell viability was measured using the EZ-Cytox
reagent. Cell viability was compared to that of the LPS-treated group. Data
represent the means + SEM. "p<0.01 relative to the LPS-treated control.

Inhibitory effect of MTA on the production of NO in
LPS-stimulated macrophages. To evaluate the anti-inflam-
matory effects of MTA in macrophages, NO production
and the expression of iNOS, the enzyme responsible for NO
production, were measured in LPS-stimulated RAW 264.7
macrophages. LPS stimulation highly induced the production
of NO, as shown in Fig. 2A. The induction of NO was gradually
reduced by MTA in a dose-dependent manner; and the quantity
of NO produced at a concentration of 300 ug/ml of MTA was
as low as that of the unstimulated control. We then examined
whether MTA regulates the expression of iNOS at the mRNA
and protein level since iNOS is a key enzyme for the produc-
tion of NO in LPS-stimulated macrophages. RT-qPCR analysis
revealed that LPS-induced expression of iNOS was alleviated
by MTA treatment in a dose-dependent manner (Fig. 2B); and
semi-quantitative PCR result produced a similar profile to the
gPCR data (Fig. 2C). Furthermore, the increased protein expres-
sion of iNOS through LPS treatment was dose-dependently
reduced by MTA treatment (Fig. 2D). These results suggest that
MTA negatively regulates the production of NO by regulating
iNOS at the transcriptional level.

No effect of MTA on the expression of COX-2 in
LPS-stimulated macrophages. Since COX-2 is the enzyme
responsible for the production of PGE,, which induces fever
during inflammation, we explored the anti-inflammatory
effect of MTA by evaluating the mRNA and protein expres-
sion of COX-2. As shown in Fig. 3A and B, LPS induced
COX-2 gene expression but MTA treatment did not lead to
suppression of LPS-induced COX-2 expression. Similar to
the RT-qPCR and semi-quantitative PCR data, MTA did
not regulate LPS-induced COX-2 expression at the protein
level (Fig. 3C). The majority of natural extracts that exhibit
anti-inflammatory effects have been shown to suppress
PGE, production through the inhibition of COX-2 expres-
sion (30,31). These results suggest that MTA does not regulate
the production of PGE2 since COX-2 expression in activated
macrophages is not inhibited by MTA.
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Figure 2. Inhibitory effects of a methanol extract of Thunbergia alata (MTA) on the production of nitric oxide (NO). RAW 264.7 macrophages were treated
simultaneously with lipopolysaccharide (LPS) and MTA (50, 100, 200, and 300 pg/ml) for the indicated times. (A) After 24 h of treatment, NO secretion in the
supernatants was measured using the Griess reagent. Secreted quantities of NO were calculated using a standard curve for the nitrite standard solution. Data
represent the means + SEM. "p<0.01 relative to the LPS-treated control group. (B and C) After 6 h of treatment, total RNA was extracted and reverse transcribed to
c¢DNA. (B) Inducible NO synthase (iNOS) was amplified by reverse transcription-quantitative polymerase chain reaction (RT-qPCR), and the expression of iNOS
in each sample was compared with that in the LPS-treated group. Data represent the means + SEM. “p<0.01 relative to the LPS-treated control group. (C) iNOS
was amplified by semi-quantitative PCR and detected using a gel documentation system. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an
internal control. (D) Total cell lysates were prepared after 24 h of treatment and subjected to western blot analysis. iNOS protein expression was detected using
an enhanced chemiluminescence reagent. Expression levels were quantified by analysis using LabWorks software and normalized to the corresponding GAPDH
levels. Relative expression levels of iNOS are represented as a bar graph (lower panel).

Differential regulation of inflammatory cytokine produc-
tion by MTA in LPS-stimulated macrophages. To further
investigate the anti-inflammatory effects of MTA in activated
macrophages, the profiles of proinflammatory cytokines,
IL-1B, IL-6, and TNF-a, were measured in the presence or
absence of MTA in LPS-stimulated RAW 264.7 macro-
phages. Cytokine secretion, including IL-6 and TNF-a, was
highly increased by LPS treatment (Fig. 4A and B). Notably,
MTA treatment specifically inhibited the production of
IL-6 in a dose-dependent manner but did not regulate that
of TNF-a (Fig. 4A and B). To determine whether the effect
of MTA on the production of pro-inflammatory cytokines
is closely regulated at the transcriptional level, the mRNA
expression of pro-inflammatory cytokines was assessed in
the presence or absence of MTA in LPS-treated RAW 264.7
macrophages. As shown in Fig. 4C,RT-qPCR analysis revealed
that MTA treatment inhibited the LPS-stimulated expression
of IL-6 and IL-1§ but did not reduce that of TNF-a. Similarly,
semi-quantitative PCR analysis showed that MTA selectively

reduced the mRNA expression of IL-6 and IL-1f (Fig. 4D).
Taken together, these results suggest that MTA negatively
regulates the LPS-induced production of pro-inflammatory
cytokines by transcriptional repression of /L-6 and IL-15 but
not TNF-a.

Inhibitory effect of MTA on the activation of ERK and STAT3
in LPS-stimulated macrophages. The production of inflam-
matory mediators by LPS in macrophages is mainly induced
through the subsequent activation of nuclear factor-kB (NF-«xB)
and MAPKSs, including p38, ERK, and JNK. The dissocia-
tion of IkBa from NF-kB by the phosphorylation of IkBa is
required for the activation of NF-kB, and subsequent translo-
cation of NF-«B leads to the activation of inflammatory target
genes. We therefore measured the phosphorylation levels of
IkBa in order to examine whether the inhibitory effects of
MTA in LPS-stimulated macrophages occur through the
NF-«B signaling pathway. As shown in Fig. 5SA, LPS treatment
induced the phosphorylation of IkBa approximately two-fold
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Figure 3. Effects of a methanol extract of Thunbergia alata (MTA) on the expression of cyclooxygenase-2 (COX-2). RAW 264.7 macrophages were treated simultane-
ously with lipopolysaccharide (LPS) and MTA (50, 100, 200, and 300 pg/ml) for the indicated times. (A and B) After 6 h of treatment, total RNA was extracted and
reverse transcribed to complementary DNA (cDNA). (A) COX-2 was amplified by RT-qPCR, and the expression of COX-2 in each sample was compared with that
of the LPS-treated control. Data represent the means + SEM. (B) COX-2 was amplified by semi-quantitative PCR and detected using a gel documentation system.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control. (C) Total cell lysates were prepared after 24 h treatment and subjected to
western blot analysis. COX-2 protein expression was detected using an enhanced chemiluminescence reagent, and expression levels were normalized to levels of the
GAPDH. Relative expression levels of COX-2 are represented as a bar graph (lower panel).
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Figure 4. Inhibitory effect of a methanol extract of Thunbergia alata (MTA) on the production of pro-inflammatory cytokines. RAW 264.7 macrophages were treated
simultaneously with lipopolysaccharide (LPS) and MTA (50, 100, 200, and 300 pg/ml) for the indicated times. (A and B) After 24 h of treatment, enzyme-linked
immunosorbent assays (ELISAs) were used to measure levels of (A) tumor necrosis factor (TNF)-a and (B) interleukin (IL)-6. The secretion of each cytokine was
determined using a standard curve. Data represent the means + SEM. “p<0.01 relative to the LPS-treated control. (C and D) After 6 h of treatment, total RNA was
extracted and reverse transcribed to cDNA. (C) IL-1f3, TNF-ca and IL-6 were amplified by RT-qPCR, and the expression of IL-13, TNF-a and, IL-6 in each sample were
compared to those of the LPS-treated control. Data represent the means + SEM. “p<0.01 relative to the LPS-treated control. (D) IL-18, TNF-a and IL-6 were amplified
by semi-quantitative PCR and detected using a gel documentation system.
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Figure 5. Differential effects of a methanol extract of Thunbergia alata (MTA) on nuclear factor-«B (NF-kB) and mitogen-activated protein kinase (MAPK)
activation. RAW 264.7 macrophages were pre-treated with various concentrations of MTA (50, 100, 200, and 300 zg/ml) for 1 h and then stimulated with lipopoly-
saccharide (LPS) for 15 min (A and B) or 24 h (C). Total cell lysates were prepared and subjected towestern blot analysis. The expression of (A) phosphorylated
inhibitor of kB protein (p-IkBa), IkBa, (B) p-c-Jun N-terminal kinase (JNK), JNK, p-extracellular signal-regulated kinase (ERK), ERK, p-p38, and p38 were
detected using specific antibodies. Relative expression levels of IkBa and p-IkBa were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) levels.
Levels of p-MAPKSs were normalized to the corresponding MAPK levels. Quantitative analyses of phosphorylation and protein levels are shown after normaliza-
tion (lower panels). (C) Total cell lysates were prepared after 24 h treatment and subjected to western blot analysis. The phosphorylation and total protein levels of
signal transducer and activator of transcription 3 (STAT3) was detected using specific antibodies. Levels of p-STAT3 were normalized to the total STAT3 levels
and were shown as a bar graph representing ratio to LPS-treated group (right panel).

compared to the untrated group and reduced the expression of
IkBa due to phosphorylation-dependent degradation. However,
MTA treatment did not change the levels of p-IxBa and IkBa,
suggesting that MTA does not play a regulatory role in NF-xB
signaling. The regulation of MAPK signaling, another major
LPS-induced inflammatory signaling pathway, by MTA was
also investigated. As shown in Fig. 5B, the LPS-induced phos-
phorylation of ERK was reduced by MTA without changing
the protein level of ERK, but the phosphorylations of other
MAPKSs, JNK and p38, were unchanged by MTA. Collectively,
these results suggested that MTA exhibits anti-inflammatory
properties by inhibiting ERK signaling.

The differential regulation of pro-inflammatory cytokines
by MTA may be due to different transcription factor binding
regions in the gene promoter of each cytokine. Previous studies
revealed that the STAT protein-binding region is contained in
the IL-6 and IL-1p promoter regions but not in the TNF-a
promoter region (32). This suggests that specific regulation
of IL-6 and IL-1f production by MTA in macrophages may
be regulated through the inactivation of STAT signaling. We
accordingly measured the change in STAT3 phosphorylation
status at Tyr705 following MTA treatment of LPS-stimulated
RAW 264.7 macrophages since STAT3 signaling is acti-
vated through phosphorylation at Tyr705. LPS-induced
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Figure 6. The putative pathway for the regulation of inflammatory mediators by a methanol extract of Thunbergia alata (MTA). MTA inhibits inflammatory
responses by decreasing extracellular signal-regulated kinase (ERK) and signal transducer and activator of transcription 3 (STAT3) activity in lipopolysac-

charide (LPS)-stimulated macrophages.

phosphorylation of STAT3 at Tyr705 was decreased by MTA
in a dose-dependent manner (Fig. 5C). This result suggests
that the differential regulation of pro-inflammatory cytokines
by MTA is due to negative modulation of STAT3 activation.

Discussion

It is necessary to develop novel anti-inflammatory agents
since steroidal drugs such as glucocorticoids have severe
adverse effects (33-36). Non-steroidal anti-inflammatory
drugs (NSAIDs) such as aspirin and indomethacin were
developed and many studies have focused on the development
of novel drugs capable of functioning as anti-inflammatory
cytokine agents (37). Due to these concerns, native plants and
their active constituents are receiving greater attention nowa-
days since anecdotal evidence regarding traditional usage
as a medicine indicates the development of relatively fewer
side effects (38). Many phytochemicals have been identified
as anti-inflammatory drug candidates and are under inves-
tigation for clinical use (39,40). In this study, we examined
the anti-inflammatory effects of MTA and the underlying
molecular mechanism responsible for these effects.

The activation of NF-kB and MAPKSs is primed by LPS
ligation to Toll-like receptors. However, the activities of NF-kB
and MAPKs are regulated by different upstream kinases, such
as IkB kinases for NF-kB and MAPK kinases for MAPKs.
Therefore, the data in Fig. 5A and B suggest that MTA regulates
ERK activation specifically for its anti-inflammatory proper-
ties without disturbing the activation of other MAPKs and
NF-kB in LPS-stimulated macrophages. Previous studies that
describe the differential regulation of MAPKs by anti-inflam-
matory compounds, support our hypothesis (41-43). Several
components, such as curcumin, quercetin and resveratrol from
plants, inhibit ERK activity to exhibit various pharmacological
effects in inflammatory diseases (44-46).

TNF-a production increases through enhanced activator
protein 1 (AP-1) AP-1 transcriptional activity by MAPKs.
Therefore, as expected, LPS treatment induced TNF-a produc-
tion in RAW 264.7 cells. However, LPS-induced TNF-a
production was not inhibited by MTA treatment despite the
reduced ERK activity (Figs. 4A and 5B). It remains unclear
the reason why TNF-a induction was not suppressed through
inhibition of ERK by MTA treatment. As shown in Fig. 5B,
the phosphorylation of JNK and p38 was not inhibited by high
concentrations of MTA (300 ug/ml). These data suggest that
reduced AP-1 transcriptional activity through MTA-mediated
ERK inhibition may be recovered due to the functional redun-
dancy of JNK and p38 that are not inhibited by MTA.

As shown in the blots of Fig. 5B and C, the effects of MTA on
the regulation of both ERK and STAT3 were notably different.
MTA treatment at low doses almost completely inhibited the
phosphorylation of STAT3 (Fig. 5C). However, phosphorylated
ERK was only 50% reduced when LPS-stimulated cells were
treated with the maximal concentration of MTA (Fig. 5B),
suggesting that ERK is less sensitive to MTA than STATS3.
Since the major regulatory pathway for STAT3 activation is
mediated by autocrine IL-6 via LPS-activated NF-xB and
MAPK signal transduction, these results suggest that MTA
selectively inhibits the IL-6-mediated STAT3 pathway at low
concentrations but inhibits both ERK and STAT3 pathways at
high concentrations. The differential regulation of inflamma-
tory mediators by MTA is likely due to the different actions
that are regulated by different concentrations of MTA. The
proposed regulatory mechanisms for the anti-inflammatory
effects of MTA are shown in Fig. 6.

Collectively, the findings of the present study suggest that
MTA selectively inhibits the production of various inflamma-
tory mediators by reducing the activation of ERK and STAT3
signaling pathways in macrophages. Further studies are neces-
sary in order to elucidate more fully the mechanisms of action of
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MTA involved in the regulation of severe inflammatory states.
Although we elucidated the mechanism of action of MTA in
murine macrophages as an inhibitor of ERK and STAT3 acti-
vation, it is also necessary to clarify the major phytochemicals
that mediate the anti-inflammatory effects of MTA.
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