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Abstract
Objectives: The aim of this study was to explore
mechanisms by which salvianolic acid A (SAA)
revealed its anti-inflammatory activity, in lipopoly-
saccharide (LPS)-stimulated RAW264.7 cells.
Materials and methods: Nitric oxide (NO) concen-
tration was determined by the Griess reaction and
cell viability was assessed by MTT assay. Interleu-
kin-6, TNFa and interleukin-1b were determined
by ELISA. The RAW264.7 cells were transfected
with siRNA against p38 or HO-1. Expressions of
COX-2, inducible NO synthase (iNOS), NF-jB,
HO-1, p-p38 and phosphorylation of IjB kinase a/
b were detected by western blotting. Potential tar-
gets of SAA were analysed by homology model-
ling, target prediction, protein–protein interaction
prediction and docking studies.
Results: Salvianolic acid A suppressed LPS-trig-
gered production of NO, TNFa and Interleukin-6.
It also reduced protein expression of inducible NO
synthase and COX-2, and reduced translocation of
NF-jB to nuclei. Moreover, SAA promoted expres-
sion of phosphorylated p38, and downstream HO-
1. Zn (II) protoporphyrin IX, a specific inhibitor of
HO-1, or siRNA against HO-1 could effectively
increase transfer of NF-jB. SAA was predicted
to target amyloid-beta protein-like protein and

arachidonate 5-lipoxygenase, that could regulate
p38 and HO-1.
Conclusions: In silico analysis and experimental
validation together demonstrated that SAA exhib-
ited its anti-inflammatory effect via the p38-HO-1
pathway in LPS-stimulated RAW264.7 cells,
reduced transfer of NF-jB to the nuclei and thus
reduced production of inflammatory mediators.

Introduction

Acute and chronic inflammation are both multiple and
complicated processes mediated by activating inflamma-
tory and/or immune cells (1). Macrophages play a cen-
tral role in the inflammatory response and serve as an
essential interface between innate and adaptive immunity
(2). Lipopolysaccharide (LPS), an activator of macro-
phages, can induce monocyte/macrophage differentia-
tion, maturation and activation, which plays an
important role in initiation and propagation of inflamma-
tory responses by IL-6, IL-1b, TNF a, inducible NO
synthase (iNOS), COX-2 and other inflammatory media-
tors (3). Overexpression of inflammatory mediators in
and around macrophages is involved in many inflamma-
tion-related diseases, such as rheumatoid arthritis (4),
atherosclerosis (5), chronic hepatitis (6) and pulmonary
fibrosis (7). Thus, LPS-stimulated mouse macrophage
RAW264.7 cells have been used as an inflammatory cell
model to study effects of anti-inflammatory drugs.

Salvia miltiorrhiza Bge. is employed in traditional
Chinese medicine and has been widely used in many
Asian countries for treatment of various conditions
including cerebrovascular diseases, coronary artery dis-
eases and myocardial infarction, hepatitis and haemor-
rhage, for thousands of years (8–12). Salvianolic acid A
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(SAA) is one of the main active water soluble compo-
nents of S. miltiorrhiza Bge., and demonstrates its pow-
erful and multifunctional properties including
antioxidative effects, free radical-scavenging functions,
anti-platelet aggregation and antithrombotic activities
(13–16). However, there have been only few reports on
anti-inflammatory bioactivities of SAA; thus, in this
study, we have explored molecular mechanisms by
which SAA participates in its anti-inflammatory activity,
in LPS-stimulated RAW264.7 cells, by a series of in sil-
ico analyses and experimental validation.

Materials and methods

Materials

Salvianolic acid A was obtained from Shenyang Phar-
maceutical University and its chemical structure

(Fig. 1a) was identified by comparing chemical and
spectral data (1H-NMR, 13C-NMR) with those reported
in the literature. Purity of the SAA was determined to
be 98.2 by HPLC [Hitachi-L-7110 pump, Hitachi L-
7420 UV spectrophotometric detector at 286 nm,
YMC C18 reversed-phase column (5 lm, 4.6 9

250 mm), CH3OH-CH3CN-HCOOH-H2O (30:10:1:59),
flow rate 1.0 ml/min, Fig. 1b] and this was resolved
in physiological saline to prepare a stock solution
(50 mg/ml).

Foetal calf serum was obtained from Beijing
Yuanhengshengma Biology Technology Research Insti-
tute (Beijing, China). Dulbecco’s modified Eagle’s
medium (DMEM) was obtained from Gibco/BRL (Gai-
thersburg, MD, USA), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) was obtained from
Sigma (St. Louis, MO, USA) and HO-1 inhibitor ZnPP
was obtained from Alfa Aesar (Jiangsu, China). Extra-

(a)

(c) (d)

(e) (f)

(g) (h)
(b)

Figure 1. Effects of salvianolic acid A (SAA) on lipopolysaccharide (LPS)-induced production of nitric oxide and viability of RAW264.7
cells. Cells were treated with LPS (1 lg/ml) alone or LPS plus different concentrations of SAA (125, 250 and 500 lM) for 24 h. Amounts of nitric
oxide were quantified using Griess reagent (a) and cell viability was measured by MTT assay (b). Cell morphological changes were observed using
phase contrast microscopy (c: medium; d: 500 lM SAA; e: 1 lg/ml LPS; f: 125 lM SAA plus 1 lg/ml LPS; g: 250 lM SAA plus 1 lg/ml LPS; h:
500 lM SAA plus 1 lg/ml LPS, c–h 9400 magnification). Data are presented as mean � SD of three independent experiments, aP < 0.01 versus
LPS group. Con, control; Bar, 10 lm.
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cellular signal-regulated kinase (ERK) inhibitor
PD98059, p38 inhibitor SB203580 and c-Jun N-termi-
nal kinase (JNK) inhibitor SP600125 were obtained
from Beyotime Institute of Biotechnology (Jiangsu,
China). ELISA kits for mouse TNF a, IL-1b and IL-6
were obtained from Sigma (St. Louis, MO, USA).
Antibodies against iNOS, COX-2, p38, phospho-p38,
NF-jB, phospho-IKK a/b, HO-1, b-actin and horserad-
ish peroxidase-conjugated secondary antibodies (goat
anti-rabbit, goat anti-mouse and rabbit anti-goat) were
purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA).

Cell culture

RAW264.7 cells, a murine monocyte/macrophage line,
were cultured in DMEM supplemented with 10% FBS,
100 U/ml penicillin and 100 g/ml streptomycin. In all
experiments, cells were grown to 80–90% confluence
and subjected to no more than 20 cell passages. In all
experiments, cells were left to acclimatize for 12 h
before any procedures.

Measurement of NO release

The RAW264.7 cells were seeded in 96-well plates
(2 9 105/ml) and incubated at 37 °C in a humidified
atmosphere with 5% CO2, overnight. After 12 h, cells
were treated with different concentrations of SAA
(125, 250 and 500 lM) for 1 h, then, LPS (1 lg/ml)
was added for 24 h. Nitric oxide (NO) levels were
determined by measuring nitrite levels using superna-
tant (100 ll) mixed with the same volume of Griess
reagent (1% sulphanilamide, 0.1% N-1-naphthylenedi-
amine dihydrochloride and 2.5% phosphoric acid);
absorbance was measured at 570 nm (17). Nitrite con-
centration was determined by using a standard curve
of sodium nitrite made up in DMEM, free of phenol
red.

Measurement of RAW264.7 cell viability

Cell viability was measured using the MTT assay.
The cells were seeded in 96-well plates (2 9 105/ml)
and incubated at 37 °C in a humidified atmosphere
containing 5% CO2, overnight. After 12 h, they were
treated with different concentrations of SAA (125, 250
and 500 lM) for 1 h, then LPS (1 lg/ml) was added
for 24 h. MTT (5 mg/ml) was subsequently applied
and incubated for 4 h. Culture medium was removed
and crystals were dissolved in DMSO. Optical densi-
ties were measured at 490 nm, using a microplate
reader.

Determination of TNF a, IL-6 and IL-1b levels by ELISA

Levels of TNF a, IL-6 and IL-1b present in each sample
were determined with the use of a commercially avail-
able ELISA kit from R&D; assays were performed
according to the manufacturer’s instructions. Briefly,
cells were cultured in 24-well plates (5 9 105) for 12 h,
pre-incubated for 1 h with different concentrations of
SAA, then stimulated with LPS (1 lg/ml) for 24 h. Cell
culture supernatants were collected and immediately
quantified using ELISA kits according to the manufac-
turer’s instructions.

SiRNA transfection

Small interfering RNA (SiRNAs) against mouse p38,
HO-1 and control siRNA were purchased from Invitro-
gen (Carlsbad, CA, USA). Cells were transfected with
siRNAs at 33 nM final concentration using Lipofecta-
mine 2000 (Invitrogen), according to the manufacturer’s
instructions. Transfected cells were used for subsequent
experiments 24 h later.

Preparation of nuclear and cytosolic extracts

Cells were collected then washed twice in ice-cold PBS
and spun. Pellets were re-suspended in ice-cold HMKEE
buffer (250 mM sucrose, 20 mM Hepes, 10 mM KCl,
1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM dith-
iothreitol, 0.1 mM phenylmethanesulphonyl fluoride,
10 lg/ml pepstatin and 10 lg/ml leupeptin) and cells
were homogenized and centrifuged at 14 000 g at 4 °C
for 60 min. Supernatant was used as cytosol fraction
and pellets were re-suspended in lysis buffer as the
membrane fraction.

Western blot analysis

Cells were treated with SAA and LPS for 24 h then
were collected by centrifugation and washed once in
PBS. Washed pellets were lysed in lysis buffer and
protein concentration was measured using a BCA pro-
tein assay kit (Beyotime Institute of Biotechnology).
Protein (10 lg) was separated on 10% SDS-polyacryl-
amide gels and transferred to nitrocellulose membranes
which were incubated for 1 h in blocking solution
(5% skim milk) at room temperature, then 2-h incuba-
tion in 1:1000 dilution primary polyclonal antibodies
against COX-2, p-p38, NF-jB, phospho-IKK a/b,
iNOS, HO-1 and monoclonal b-actin antibody. Mem-
branes were washed three times in Tween-20/Tris buf-
fered saline and incubated in 1:1000 dilution
horseradish-conjugated anti-rabbit, anti-goat or anti-
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mouse IgG secondary antibody, for 4 h at room tem-
perature. Membranes were again washed three times
in Tween-20/Tris buffered saline then developed using
ECL

TM detection reagents.

Homology modelling

Three-dimensional structures of amyloid-beta protein-
like protein long isoform (Q53ZT3_MOUSE) and ara-
chidonate 5-lipoxygenase (LOX5_MOUSE) were
acquired by homology modelling (18), with structure of
E2 domain of human amyloid precursor protein (PDB
ID: 3UMH) and stable-5-lipoxygenase (PDB ID: 3O8Y)
as template.

Predictive targets of salvianolic acid A

Similarities of library molecules to sets of known
ligands of the targets, in WOMBAT (Version 2006.2),
were assessed using the similarity ensemble approach
(19). This method yields a predicted target for every
query molecule based on similarity of the query to
sets of known ligands of the respective target. Library
bias was assessed by counting numbers of molecules
with a certain target class assignment, that is, signifi-
cant similarity of a molecule to the target ligand set.
Criterion for significant assignment was E value of
<1 9 10�10.

Protein–protein interaction (PPI) prediction

Primary global human protein–protein interaction (PPI)
network was constructed with diverse PPIs from mouse
PPI databases (20,21). Potential connections between
amyloid-beta protein-like protein long isoform together
with arachidonate 5-lipoxygenase and HO-1 as well as
p38, were predicted within the na€õve Bayesian model,
with modifications (22,23).

Molecular docking

Molecular docking was performed using the UCSF
DOCK6.5 program, which utilized DOCK algorithm to
address rigid body docking by superimposing the ligand
on to a negative image of the binding pocket (24,25).
DOCK6.5 program is described in a three-step process:
(i) Rigid portion of ligand (anchor) is docked by geo-
metric methods; (ii) Non-rigid segments added in layers;
energy minimized; (iii) Resulting configurations
‘pruned’ and energy re-minimized, yielding docked con-
figurations. First, we rolled a small probe (default
radius = 1.4 A = size of a water molecule) over the sur-
face of the receptor and calculated surface normal at

each point. By this step, we were able to calculate
receptor surface as many spheres. Next, all spheres were
selected within a user-defined radius of a ligand, our
radius of SAA being 10 angstroms. The selected sphere
is a binding site that SAA can dock amyloid-beta pro-
tein-like protein and arachidonate 5-lipoxygenase,
respectively. SAA is taken as fully flexible. Only one
amino-acid side chain was taken to catch the in silico
docking experiment and ligand and receptors were taken
as fully flexible.

Statistical analysis

Results are summarized from three independent experi-
ments and presented as mean � SD. Statistical compari-
sons were made using Student’s t-test. P < 0.05 was
considered statistically significant.

Results

SAA inhibited NO release from LPS-stimulated
RAW264.7 cells

Nitric oxide is known to be a pro-inflammatory factor in
many different acute and chronic inflammatory diseases
(26). Thus, inhibition of NO production is a major target
for anti-inflammatory agent development. In this study,
murine macrophage RAW 264.7 cells, which can pro-
duce NO on stimulation with LPS, were used for deter-
mination of anti-inflammatory effects of SAA. Cells
were pre-incubated in 0, 125, 250 and 500 lM SAA for
1 h, then stimulated with 1 lg/ml LPS for 24 h; as con-
trols, cells were untreated with LPS. After culture media
were collected, nitrite levels were determined. Results
showed that 125, 250 and 500 lM SAA markedly
reduced NO production in a dose-dependent manner.
Moreover, 500 lM SAA reduced the level of NO from
246.9 to 136.4 lM (Fig. 1a).

To avoid the possibility that SAA reduced NO level
by being toxic to the cells was determined by MTT
assay. Results indicated that compared to the control
group, 125, 250 and 500 lM SAA in the presence or
absence of LPS was not toxic (Fig. 1b). To further con-
firm this result, cell morphology was observed by
microscopy. In 125, 250 and 500 lM SAA-treated cells,
in the presence or absence of LPS, cells grew equally
well as those of the control group and were distributed
evenly across surfaces of culture plates (Fig. 1c–h).
These results indicate that SAA significantly inhibited
NO production in LPS-stimulated cells, probably by
inactivating inflammatory-related signal pathways or
activating anti-inflammation transduction signals, but not
by influencing cell viability.
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Effects of SAA on production of LPS-induced pro-
inflammatory cytokines

Activated macrophages take part in inflammatory
responses by releasing TNF a, IL-6 and IL-1b and
more, which are well-known pro-inflammatory cytokines
of many immune cells such as macrophages, monocytes
and T cells; they have various pro-inflammatory effects
in acute and chronic inflammatory diseases (27). To
examine the effect of SAA on production of those pro-
inflammatory cytokines in LPS-stimulated RAW 264.7
cells, TNF a, IL-6 and IL-1b concentrations in culture
supernatants were measured by the sandwich ELISA
method. Cells treated with LPS produced significant lev-
els of all cytokines examined. Concentration of TNF a,
IL-1b and IL-6 increased up to 6870, 1215 and
1032 ng/l after LPS stimulation, respectively. However,
when cells were added to 500 lM SAA in advance for
1 h, concentrations of TNF a and IL-6 in supernatants
were significantly lower to 4727 ng/l and 727 ng/l
(Fig. 2a,b). In contrast, concentrations of IL-1b did not
change significantly (Fig. 2c). These results demonstrate
that SAA inhibited inflammation development by reduc-
ing production of TNF a and IL-6.

SAA inhibited iNOS and COX-2 protein expression in
LPS-stimulated RAW264.7 cells

Nitric oxide has been shown to be released from argi-
nine as a result of activation of iNOS, expressed in
response to a variety of inflammatory stimuli, and gener-
ates high levels of NO in macrophages during the
inflammatory process (28,29). To confirm that concen-
tration-dependent NO reduction triggered by SAA was
due to regulation of iNOS, influence of SAA on iNOS
expression was measured by western blot analysis. iNOS

protein was fully induced on LPS stimulation for 12 h
and SAA reduced synthesis of iNOS in a dose-depen-
dent manner (Fig. 3a,b).

COX-2, a cyclooxygenase, catalyses production of
prostaglandins, which represents an important step in
the inflammatory process. Also, prostaglandin produc-
tion in LPS-treated macrophages is primarily due to
expression of COX-2 (30). In our study, the effect of
SAA on expression of COX-2 was examined by means
of western blot analysis. Results reveal that COX-2
protein expression was high 12 h after LPS stimulation.
SAA similarly reduced the level of COX-2 protein
(Fig. 3a,b).

Inhibitory effects of SAA onTNF a, IL-6, iNOS and
COX-2 production mediated by suppressing transfer of
NF-jB, in LPS-stimulated RAW264.7 cells

NF-jB is known to play a critical role in controlling
most inflammatory responses, by induction of iNOS
and COX-2, pro-inflammatory cytokines (IL-1, IL-2,
IL-6 and TNF a), chemokines, cell adhesion molecules,
growth factors, acute phase proteins and immune
receptors (31). Activation of NF-jB results from phos-
phorylation formed of IKK a and IKK b, and protea-
some-mediated degradation of Ij B (32,33). As SAA
inhibited production of TNF a, IL-6, iNOS and COX-2
in LPS-stimulated RAW 264.7 cells, western blot anal-
ysis was carried out to investigate the effect of SAA
on nuclear translocation of p65, one subunit of NF-jB,
and its upstream IKK a/b activation. As shown in
Fig. 4a,b, when cells were treated with LPS alone for
24 h, cytosolic levels of p-IKK a/b and nuclear levels
of p65 increased significantly, and when cells were
pre-cultured in 125, 250, 500 lM SAA, reduced expres-

(a) (b) (c)

Figure 2. Effect of salvianolic acid A (SAA) on lipopolysaccharide (LPS)-induced production of TNF a, IL-1b and IL-6. Cells were treated
with 1 lg/ml LPS alone or LPS plus different concentrations of SAA (125, 250 and 500 lM) for 24 h, and levels of TNF a (a), IL-1b (b) and IL-6
(c) were measured by ELISA. Data are presented as mean � SD of three independent experiments, aP < 0.01, bP < 0.01 versus LPS group. Con,
control.
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sion of cytosolic phosphorylation of IKK a/b and
nuclear levels of p65 occurred. From these results, it is
suggested that SAA inhibited inflammatory mediator
(TNF a, IL-6, iNOS and COX-2) production by inacti-
vation of signal transduction, related to the NF-jB
pathway.

SAA triggered phosphorylation of p38, which reduced
NO level in LPS-stimulated RAW 264.7 cells

Mitogen-activated protein kinase (MAPK) molecules
provide one of the most the important signalling path-
ways controlling synthesis and release of pro-inflamma-
tory mediators by activated macrophages during the
inflammatory response (34) and here, it has been investi-
gated whether MAPK was involved in the anti-inflam-
matory process of SAA in LPS-stimulated RAW 264.7
cells. We examined effects of MAPK on the level of
NO by using MAPK specific inhibitors for p38
(SB203580), JNK (SP600125) and ERK (PD98059).
Cells were pre-treated in 1, 5 and 10 lM inhibitor for
1 h, stimulated with 500 lM SAA for 1 h and then

1 lg/ml LPS was added to for 24 h. Concentration of
NO was determined by use of Griess reagent. ERK
inhibitor PD98059 and JNK inhibitor SP600125 had
almost no influence on the level (Fig. 5b,c). However,
p38 inhibitor SB203580 significantly increased NO pro-
duction compared to the SAA and LPS-treated group
(Fig. 5a). Based on this result, western blot analysis was
carried out to detect phosphorylation of p38 and showed
that after treatment of with either 250 or 500 lM SAA
in the presence of 1 lg/ml LPS for 24 h, expression of
phosphorylated p38 increased to a higher level com-
pared to LPS-treated group (Fig. 5d,e). These results
indicate that p38 was activated by SAA and participated
in anti-inflammatory process in LPS-stimulated cells.

Activation of p38 upregulated HO-1 expression and
consequently suppressed translocation of NF-jB in
LPS-stimulated cells

HO-1 is induced by various stimuli via activation of the
p38 MAPK signalling pathway and development of

(a)

(b)

Figure 3. Effect of salvianolic acid A (SAA) on iNOS and COX-2
expression in lipopolysaccharide (LPS)-treated cells. Cells were
treated with SAA (125, 250 and 500 lM) in the presence of 1 lg/ml
LPS for 24 h. Whole cell lysates were prepared and analysed for
expressions of iNOS, COX-2 and b-actin by western blot analysis (a);
relative density of bands normalized to b-actin was assayed by Bio-
Rad Quantity One 4.62 (b). Data are presented as mean � SD of three
independent experiments. Con, control.

(a)

(b)

Figure 4. Inhibitory effects of salvianolic acid A (SAA) on the pro-
tein levels of p-IKK a/b and NF-jB (p65) in lipopolysaccharide
(LPS)-treated cells. Cells were treated with SAA (125, 250 and
500 lM) in the presence of 1 lg/ml LPS for 24 h. Western blot analy-
sis was used to determine levels NF-jB (p65) in nuclei and p-IKK a/b
in cytoplasm (a); relative density of bands normalized to b-actin was
assayed by Bio-Rad Quantity One 4.62 (b). Data are presented as
mean � SD of three independent experiments. Con, control.
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inflammation is thus suppressed (35); therefore, expres-
sion of HO-1 was investigated. Cells were pre-treated
with 500 lM SAA for 1 h, then cultured in 1 lg/ml
LPS for 24 h. Results indicate that 500 lM SAA
promoted expression of HO-1 in comparison to the LPS
alone group. However, when cells were added to 10 lM
p38 inhibitor SB203580, HO-1 expression was markedly
inhibited. To further validate this result, cells were trans-
fected with p38 siRNA, which effectively reversed the
level of HO-1 compared to 500 lM SAA and 1 lg/ml
LPS groups (Fig. 6a,b).

To examine effects of HO-1 on production of NO
and translocation of NF-jB, HO-1 inhibitor protopor-
phyrin IX (ZnPP) was applied to our RAW264.7 macro-
phages. After the cells were pre-treated with 40 lM
ZnPP or pre-transfected with HO-1 siRNA, and treated
with 500 lM SAA for 1 h, then stimulated with 1 lg/ml
LPS for 24 h, the level of NO was tested by use of the
Griess reagent. As expected, HO-1 siRNA or HO-1
inhibitor ZnPP almost completely reversed reduction of
NO production from 86 to 165 or 158 lM, respectively,

in contrast to 500 lM SAA and 1 lg/ml LPS group
(Fig. 6b). In addition, effects of HO-1 on translocation
of NF-jB and phosphorylation of IKK a/b were exam-
ined. HO-1 siRNA or ZnPP significantly improved cyto-
solic levels of p-IKKa/b and nuclear levels of p65,
compared to 500 lM SAA and 1 lg/ml LPS group
(Fig. 6c,d). These results demonstrate that SAA played
an anti-inflammatory role on LPS-treated cells through
activation of the p38/HO-1 signalling pathway, which
inhibited transfer of NF-jB to nuclei, and production of
inflammatory mediators.

Identification of potential targets of SAA and related
signalling pathways involved in p38 and HO-1

We calculated cumulated predictions for searching novel
targets of SAA. We showed that amyloid-beta protein-
like protein long isoform and arachidonate 5-lipoxygen-
ase could be predicted as potential targets of SAA.
Then, we used the flexible ligand docking method with
all setting as default. We were able to show that

(a) (b)

(d) (e)

(c)

Figure 5. Effects of mitogen-activated protein kinase (MAPK) specific inhibitors on salvianolic acid A (SAA) suppression of nitric oxide
production in lipopolysaccharide (LPS)-treated cells. Cells were treated with LPS (1 lg/ml) alone or LPS plus different concentrations of inhibi-
tors (1, 5 and 10 lM) for p38 (SB203580, a), JNK (SP600125, b) and ERK (PD98059, c) for 1 h, then SAA (500 lM) was added for 24 h. Levels
of nitric oxide were quantified using Griess reagent. Data are presented as mean � SD of three independent experiments, aP < 0.01, cP < 0.01,
dP < 0.01 versus LPS group, bP < 0.01 versus LPS + 500 lM SAA group. Con, control. Cells were treated with SAA (125, 250, 500 lM) in the
presence of 1 lg/ml LPS for 24 h, and western blot analysis was carried out to determine levels of p38 and phosphorylated p38 proteins (d); rela-
tive density of bands normalized to b-actin was assayed by Bio-Rad Quantity One 4.62 (e).
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energies for SAA binding to amyloid-beta protein-
like protein and arachidonate 5-lipoxygenase were
�45.828728 KJ/mol and �40.654358 KJ/mol, respec-
tively (Fig. 7). In addition, we found the above-mentioned

targets, amyloid-beta protein-like protein long isoform
and arachidonate 5-lipoxygenase, indirectly modulated
p38 and HO-1 via four other proteins AKT-1, TNFA,
CSF2 and LYAM3(Fig. 8).

(a) (b)

(d) (e)

(c)

Figure 6. Effects of salvianolic acid A (SAA) on production of haem oxygenase-1 (HO-1) in lipopolysaccharide (LPS)-treated cells. After
cells were cultured in LPS (1 lg/ml) alone or LPS plus SB203580 (10 lM) or LPS plus different concentrations of ZnPP (40 lM) for 1 h, they
were treated with SAA (500 lM) for 24 h. Cells were then transfected with p38, HO-1 or control siRNA for 24 h, and cultured in LPS (1 lg/ml)
for 1 h. They were then treated with SAA (500 lM) for 24 h. HO-1 level was examined by western blot analysis in (a) and relative density of
bands normalized to b-actin, was assayed by Bio-Rad Quantity One 4.62 in (b). Level of nitric oxide was tested using Griess reagent in (c). Wes-
tern blot analysis was also used to examine levels of NF-jB (p65) in nuclei and p-IKK a/b in cytoplasm in (d); relative density of bands normal-
ized to b-actin was assayed by Bio-Rad Quantity One 4.62 in (e). Data are presented as mean � SD of three independent experiments, aP < 0.01
versus LPS group, bP < 0.01, cP < 0.01 versus LPS group + 500 lM SAA, Con, control.

(a) (b)

Figure 7. Identification of two potential targets amyloid-beta protein-like protein and arachidonate 5-lipoxygenase of SAA.
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Discussion

Salvianolic acid A, a phenylpropanoid isolated from
S. miltiorrhiza Bge., effectively exhibited anti-inflamma-
tory activity by reducing production of NO in LPS-trea-
ted RAW264.7 macrophages. As there have been no
previous reports on its anti-inflammatory effects, we
investigated underlying mechanisms in further studies.

Macrophages are an important component of the
human immune defence mechanism. During progress of
inflammation, macrophages participate in inflammatory
responses by releasing pro-inflammatory cytokines such
as TNFa and IL-6, as well as other inflammatory fac-
tors, such as iNOS, COX-2 to protect the body from
infection or tissue injury (36). These pro-inflammatory
mediators play an important role in pathogenesis of
many acute and chronic inflammatory conditions. Thus,
we have investigated the influence of SAA on produc-
tion of pro-inflammatory mediators. The results provide
evidence that SAA inhibited development of inflamma-
tion by reducing levels of iNOS, COX-2, TNF a and
IL-6 in LPS-stimulated RAW 264.7 macrophages.

NF-jB is a dimeric transcription factor formed by
hetero- or homo-dimerization of proteins of the Rel
family, including p50 and p65; it coordinates expres-
sion of pro-inflammatory enzymes and cytokines (37).
It is present in cytoplasm in an inactive form through
association with IjB family members. On stimulation
by LPS, IjB kinase is activated by IKK a and IKK b,
resulting in translocation of NF-jB to nuclei (38,39).
In our study, SAA inhibited transfer of NF-jB to
nuclei and phosphorylation of IKKa/b, in a dose-
dependent manner, indicating that SAA reduced NF-jB
transcription activation due to inhibition of IKKa/b
activation.

The MAPK family includes ERKs-1 and -2, c-Jun,
N-terminal kinase (JNK) and p38. Activation of a dis-
tinct MAPK subtype cascade depends on types of cells
and the stimuli; functional role of each MAPK subtype

might be different according to cell type (40). The ERK
pathway is predominantly activated by mitogens through
a Ras-dependent mechanism and is required for cell pro-
liferation and differentiation; however, JNK and p38 are
activated by pro-inflammatory cytokines and various
environmental stresses (41,42). It has been reported that
MAPK participates in synthesis and release of pro-
inflammatory mediators by activated macrophages in the
process of inflammatory development (34); thus, roles of
MAPK were examined by use of ERK inhibitor
PD98059, JNK inhibitor SP600125 and p38 inhibitor
SB203580 in our study. Results indicat that only p38
inhibitors SB203580 markedly increased NO production
compared to SAA and LPS-treated group, indicating that
p38 was activated and involved in the anti-inflammatory
process of SAA. Moreover, western blot analysis further
confirmed this result as SAA markedly triggered phos-
phorylation of p38 in contrast to the LPS alone-treated
group.

HO is a rate-limiting enzyme in haem catabolism,
leading to generation of carbon monoxide (CO). Three
HO isoforms (HO-1, HO-2 and HO-3) that catalyse this
reaction have been identified. HO-1 is inducible and
HO-2 is constitutively synthesized and exists primarily
in cells of the brain and testis; however, HO-3 is a
recently cloned gene product and is less well character-
ized. Cytoprotective effects of HO-1 can be attributed to
its products CO, associated with moderate or severe cell
stress, such as occurs in inflammation (43). Other stud-
ies have shown that HO-1 and CO can suppress produc-
tion of pro-inflammatory mediators such as tumour
necrosis factor alpha, interleukin IL-1b, IL-6, iNOS and
COX-2, through inactivation of nuclear factor NF-jB, in
activated macrophages (44–49). It has also been reported
that activation of p38 induces HO-1 expression in vari-
ous cell types including macrophages (50). In our study,
SAA of different concentrations increased expression of
HO-1 and p38 inhibitor SB203580 or p38 siRNA effec-
tively reversed increasing expression of HO-1. Also,

Figure 8. Identification of of salvianolic
acid A-inhibited lipopolysaccharide-stimu-
lated inflammatory pathways.
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HO-1 inhibitor ZnPP or HO-1 siRNA markedly pro-
moted level of NO (product of iNOS) and transfer of
NF-jB to nuclei, demonstrating that anti-inflammatory
effects of SAA resulted from high expression of HO-1,
induced by p38 activation, and upregulation of HO-1
reduced translocation of NF-jB and consecutive expres-
sion of pro-inflammatory mediators in LPS-stimulated
RAW 264.7 macrophages.

In silico analysis demonstrated that SAA targeted
amyloid-beta protein-like protein and arachidonate 5-lip-
oxygenase that might indirectly regulate p38 and HO-1
by four other proteins AKT-1, TNFA, CSF2 and
LYAM3, which would shed new light on providing
more novel direct targets and signalling pathways for
SAA in future studies.

In conclusion, we first provided evidence that SAA
has marked anti-inflammatory effects on LPS-stimulated
RAW 264.7 cells. We further demonstrated levels of
NO, TNF a and IL-6, and reduced production of iNOS
and COX-2 by inhibition of transfer of NF-jB to nuclei,
by activation of the p38/HO-1 pathway, which might be
regulated by amyloid-beta protein-like protein and ara-
chidonate 5-lipoxygenase.
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