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IntroductIon

Kawasaki disease (KD) is a febrile vascular inflammatory 
disease that occurs in children.[1] Its incidence has 
increased in many countries over the last 30 years.[2] Its 
major complication is coronary arterial damage, including 
coronary artery inflammation, coronary artery aneurysms, 
and coronary artery occlusion.[3] The incidence of 
coronary artery complications (CAC) was 20–25% in 
children without intravenous immunoglobulin (IVIG) 
therapy.[4] Therefore, CAC has become the leading 
cause of acquired cardiovascular disease in children in 
developed countries.[4]

Although the pathogenesis of KD is still unclear, endothelial 
cell injury has been proved to be the major pathological 
basis of CAC, and cytokine cascade amplification is a key 
step in the endothelial cell injury.[5] Among the cytokines, 
tumor necrosis factor‑α (TNF‑α) is a key inflammatory 
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mediator responsible for immune responses and systemic 
inflammation in KD,[6] and has been used successfully 
to generate a cell model of KD in vitro. [7] Matrix 
metalloproteinase‑9 (MMP‑9), one of effector molecules 
of TNF‑α signaling, plays an important role in the 
pathogenesis of elastin breakdown.[8‑10] In a previous study, 
we confirmed that MMP‑9 plays an important role in the 
formation of CAC in a mouse model of KD.[11] However, 
the underlying mechanism of CAC in cells level requires 
further elucidation. Nuclear factor‑κB (NF‑κB) and 
mitogen‑activated protein kinases (MAPKs), including 
extra‑cellular signal‑regulated kinase 1/2 (ERK1/2), c‑Jun 
N‑terminal kinase (JNK), and p38, are the intracellular 
signaling pathways that participate in various immune 
regulation. [12] These pathways may be involved in 
modulating the expression of MMP‑9.

Currently, IVIG and aspirin are the standard therapies for 
KD.[13] Although these therapies have greatly reduced the 
incidence of coronary artery lesions, approximately 15−25% 
of children with KD do not respond to these therapies.[14] 
Therefore, there is a great need to find alternative agents 
for the treatment of KD.

Salvianolic acid B (Sal B) is a bioactive water‑soluble 
compound of Salviae miltiorrhizae,[15] a traditional herbal 
medicine that has been used clinically for the treatment 
of cardiovascular and cerebrovascular diseases in Asian 
countries for centuries.[16‑19] Studies have reported that 
Sal B displays a potent anti‑inflammatory activity.[20‑23] 
In our previous studies, we found that herbal medicines 
containing Sal B had therapeutic effects on both children 
with KD and a mouse model of KD. However, whether Sal 
B affects MMP‑9 expression and its mechanism needs to 
be further evaluated.

Therefore, in this study, we aimed to detect the effects of Sal B 
on the expression and activity of MMP‑9 in TNF‑α‑induced 
human coronary artery endothelial cells (HCAECs) and to 
identify its possible intracellular molecular targets. This 
study may provide evidence for a new integrated treatment 
for KD resistant to IVIG therapy.

Methods

Reagents
Sal B (purity N 98% determined by high‑performance 
liquid chromatography) was purchased from the National 
Institute for the Control of Pharmaceutical and Biological 
Products (Beijing, China). Recombinant human TNF‑α 
was purchased from Cell Signaling Technology (#8902, 
Danvers, MA, USA). U0126 (#9903), SP600125 (#8177), 
SB203580 (#5633) were purchased from Cell Signaling 
Technology (Beverly, MA, USA). BAY 11‑7082 
was purchased from Merck (Darmstadt, Germany). 
Polyvinylidenedifluoride (PVDF) membranes were 
purchased from Millipore (Billerica, MA, USA). All other 
chemicals and reagents used in the study were of analytical 
grade and commercially available.

Cell culture
HCAECs were purchased from the American Type Culture 
Collection (ATCC) (Lot #61492256, Manassas, VA, USA). 
Cells were cultured in Endothelial Cell Growth Kit‑vascular 
endothelial growth factor (ATCC) supplemented with 10% fetal 
bovine serum, at 37°C in a 5% CO2 incubator. Experiments 
were performed using cells between passages 3 and 5.

Cell viability assay
The cell survival was detected by Cell Counting Kit‑8 (CCK‑8) 
kit (Dojindo, Kyushu Island, Kumamoto, Japan) according to 
the manufacturer’s instructions. HCAECs were incubated in 
96‑well plates with Sal B in different concentrations. After 
48 h treatment, CCK‑8 was added, and cells continued to 
incubation for 2 h. The plates were read at 450 nm using an 
iMARK type 680 microplate reader (Bio‑Rad technology, 
Hercules, CA, USA). Culture medium without cells was 
used as background controls.

Matrix metalloproteinase‑9 activity assay
After 24 h of Sal B treatment, culture medium was collected 
and centrifuged at 16,000 × g for 5 min at 4°C to remove 
cell debris. The supernatants were detected in duplicate with 
a Gelatin Zymogram Assay Kit (Applygen Technologies, 
Beijing, China) for MMP‑9 activities according to the 
manufacturer’s instructions. Gelatinolytic activity was 
manifested as horizontal white bands on a blue background 
by using Gel pro 4.0 Software (Media Cybernetics 
Technology, Warrendale, PA, USA).

Preparation of total and nuclear fraction proteins
Cells were collected and centrifuged at 1000 × g for 5 min 
at 4°C to remove the supernatant, and stored at −70°C. 
The total cellular protein was extracted by using a Total 
Protein Extraction Kit (Promab Technology, No. SJ‑200501, 
Shanghai, China). The cytoplasmic and nuclear proteins 
were extracted, respectively, by using NucBuster™ Protein 
Exaction Kit (MERCK, No. 71183‑3, Darmstadt, Germany) 
according to the manufacturer’s instructions. Protein 
concentrations in whole cell lysates and fractions were 
measured using a bicinchoninic acid method. All protein 
samples were stored at −70°C until use.

Western blot analysis
HCAECs were treated with 1–10 μmol/L Sal B for 24 h, and 
then stimulated with 100 ng/ml TNF‑α for 10 min (for JNK 
and ERK1/2), 30 min (for p‑IκBα, p65), or 8 h (for MMP‑9). 
The concentration and induction time of TNF‑α were chosen 
based on previous reports[24] and our preliminary data. Equal 
amounts of total cell lysates (for MMP‑9, IκBα, and GAPDH) 
and cytoplasmic (for p65 and GAPDH) or nuclear (for p65, p38, 
JNK, ERK1/2, and lamin B) fractions were separated by 10% 
sodium dodecyl sulfate polyacrylamide gel electrophoresis, 
and then transferred onto PVDF membranes.[25] After blocking 
antigens with 5% nonfat milk for 1 h at room temperature, 
the membranes were incubated with a primary antibody 
at 4°C overnight and subsequently with a horseradish 
peroxidase‑conjugated second antibody (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA) at room temperature 
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for 1 h. The immune complexes were detected using enhanced 
chemiluminescence reagents, analyzed by Gel‑pro 4.0 version 
Gel Analysis Software (Media Cybernetics, MD, USA), and 
quantified by integrated optical density. Primary antibodies used 
included mouse anti‑MMP‑9 monoclonal antibody (1:800), 
Goat anti‑p‑JNK monoclonal antibody (1:400), Mouse 
anti‑p‑p38 monoclonal antibody (1:500), rabbit anti‑p‑ERK1/2 
monoclonal antibody (1:500), mouse anti‑JNK monoclonal 
antibody (1:400), rabbit anti‑p38 monoclonal antibody (1:500), 
rabbit anti‑ERK monoclonal antibody (1:500), mouse 
anti‑GAPDH antibody (1:800), mouse anti‑lamin B monoclonal 
antibody (1:800) (Santa Cruz Biotechnology), rabbit anti‑NF‑κB 
p65 antibody (1:1000), and mouse anti‑p‑IκBα antibody (1:400) 
(Cell Signaling Technology, Beverly, MA, USA).

Confocal laser scanning of nuclear factor‑κB p65
NF‑κB expression in HCAECs was also detected by 
immunofluorescence as described previously.[26] Cells were 
seeded onto sterilized coverslips in a 96‑well culture plate. 
After being treated with TNF‑α for 1 h, the cells were fixed 
for 15 min in 4% (w/v) paraformaldehyde and permeabilized 
by 0.2% Triton X‑100 for 15 min. After blocking overnight 
at 4°C, cells were incubated with rabbit anti‑NF‑κB p65 
monoclonal antibody (1:100) for 2 h at 37°C, and then 
fluorescein‑conjugated anti‑rabbit IgG antibody (1:500) for 
0.5 h at 37°C. Finally, cells were incubated with propidium 
iodide for 20 min to stain the nucleus. NF‑κB p65 was 
imaged by a confocal laser scanning microscope (Lecia 
TCS SP8, Frankfurt, Germany). NF‑κB p65 was observed 
as green fluorescence and the nucleus as red fluorescence.

Statistical analysis
GraphPad Prism version 5.01 (GraphPad Software, La Jolla, 
CA, USA) was used for statistical analysis. Results were 
reported as the mean ± standard deviation (SD). Data were 
analyzed by one‑way analysis of variance (ANOVA), followed 
by least significance difference or Tamhane’s T2 multiple 
comparison test using SPSS version 17.0 (SPSS Inc., Chicago, 
IL, USA). A P < 0.05 was considered statistically significant.

results

Effect of salvianolic acid B on cell survival
Before analysis of MMP‑9, we first determined the 
cytotoxicity of Sal B. When compared to the untreated 
baseline control, 1–10 μmol/L Sal B showed no cytotoxic 
effect on cell viability. However, 50 μmol/L and 100 μmol/L 
Sal B significantly reduced cell viability (both P < 0.05; 
Figure 1a). Therefore, in the following experiments, we used 
the doses of Sal B during 1–10 μmol/L.

Effects of salvianolic acid B on tumor necrosis 
factor‑α‑stimulated matrix metalloproteinase‑9 
expression and activity in human coronary artery 
endothelial cells
Western blot analysis was performed to determine the protein 
level of MMP‑9. Gelatin zymography was performed in order 
to determine the MMP‑9 activity. HCAECs were treated with 
100 ng/ml TNF‑α in the indicated time periods in order to detect 

if TNF‑α increases the MMP‑9 protein expression. As shown in 
Figure 1b, MMP‑9 expression was induced by TNF‑α 8 h after 
and persisted for at least 24 h. As expected, in comparison to 
the baseline control, TNF‑α stimulation for 24 h significantly 
upregulated both MMP‑9 protein expression [Figure 1c] and 
activity [Figure 1d]. For TNF‑α‑activated cells, three doses of 
Sal B (1–10 μmol/L) significantly reduced TNF‑α‑enhanced 
MMP‑9 activity and protein expression (MMP‑9 activity: 
TNF‑α group vs. control group, P = 0.001; Sal B 1 μmol/L vs. 
TNF‑α group, P = 0.049; Sal B 5 μmol/L vs. TNF‑α group, 
P = 0.000; Sal B 10 μmol/L vs. TNF‑α group, P = 0.000. 
MMP‑9 expression: TNF‑α group vs. control group, P = 0.000; 
Sal B 1 μmol/L vs. TNF‑α group, P = 0.038; Sal B 5 μmol/L vs. 
TNF‑α group, P = 0.002; Sal B 10 μmol/L vs. TNF‑α group, 
P = 0.005) in a dose‑dependent manner.

Involvement of mitogen‑activated protein kinases 
and nuclear factor‑κB in the induction of matrix 
metalloproteinase‑9 by tumor necrosis factor‑α
To understand the role of MAPKs and NF‑κB in the 
regulation of MMP‑9 by Sal B, we first assessed the 

Figure 1: Effects of Sal B on MMP‑9 activity and expression in 
TNF‑α‑induced human coronary artery endothelial cells. (a) Effect 
of Sal B on human coronary artery endothelial cells survival. Cells 
were incubated with Sal B (1–100 μmol/L) for 48 h and Cell Counting 
Kit‑8 assay was performed to evaluate the cytotoxicity; (b) Cells were 
stimulated with 100 ng/ml TNF‑α for 2–48 h. MMP‑9 protein was 
measured by Western blot assay; (c) Cells were pretreated with Sal B 
(1–10 μmol/L) for 24 h and stimulated with 100 ng/ml TNF‑α for 8 h. 
MMP‑9 protein was measured by Western blot assay; (d) Secreted 
MMP‑9 in the cell‑free culture media was measured by gelatin zymogram 
assay. *P < 0.05, †P < 0.01 versus the untreated baseline control. 
‡P < 0.05, §P < 0.01 versus the TNF‑α group. Sal B: Salvianolic acid 
B; MMP‑9: Matrix metalloproteinase‑9; TNF‑α: Tumor necrosis factor‑α.
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role of MAPKs and NF‑κB in the induction of MMP‑9 
by TNF‑α using several MAPK and NF‑κB inhibitors. 
As shown in Figure 2a, TNF‑α‑induced MMP‑9 protein 
expression was significantly inhibited by SP600125 (50 
μmol/L), a JNK inhibitor (P = 0.001), and U0126 (10 
μmol/L), a specific ERK inhibitor and Bay 11‑1072 (2 
μmol/L), an inhibitor of NF‑κB signaling (P = 0.000), 
but not by SB203580 (10 μmol/L), a specific p38 
inhibitor (P = 0.19), suggesting NF‑κB, JNK, and ERK 
signaling are mainly involved in the regulation of MMP‑9 
expression, except p38.

Effect of salvianolic acid B on activation of nuclear 
factor‑κB and mitogen‑activated protein kinases‑induced 
by tumor necrosis factor‑α in human coronary artery 
endothelial cells
Western blot analysis was performed to determine the 
protein level of phosphorylation of IκB, JNK, and ERK1/2. 
NF‑κB p65 translocation was detected by Western blot 
and immunofluorescence. As shown in Figure 2b, TNF‑α 
exposure enhanced the phosphorylation of JNK and ERK1/2, 
which peaked at around 10 min, and the phosphorylation of 
IκB, which peaked at about 30 min, followed by a gradual 
decrease.

To understand the mechanisms behind the regulation of 
MMP‑9 by Sal B, we first determined the effect of NF‑κB 
activation and translocation. TNF‑α treatment for 0.5 h 
induced p65 translocation as indicated by increased p65 in 
the nucleus and decreased p65 in cytoplasm [Figure 3a]. Sal 

B (1–10 μmol/L) significantly suppressed p65 translocation 
when cells were exposed to TNF‑α (NF‑κB p65 [nuleus]: 
TNF‑α group vs. control group, P = 0.001; Sal B 1 μmol/L 
vs. TNF‑α group, P = 0.019; Sal B 5 μmol/L vs. TNF‑α 
group, P = 0.002; Sal B 10 μmol/L vs. TNF‑α group, 
P = 0.0001. NF‑κB p65 [cytoplasma]: TNF‑α vs. control 
group, P = 0.001; Sal B 1 μmol/L vs. TNF‑α group, 
P = 0.008; Sal B 5 μmol/L vs. TNF‑α group, P = 0.001; 
Sal B 10 μmol/L vs. TNF‑α group, P = 0.0001). These 
results were further confirmed by immune‑fluorescence 
of NF‑κB (p65) [Figure 3b]. Furthermore, after TNF‑α 
treatment for 0.5 h, Sal B significantly suppressed IκBα 
activation (TNF‑α group vs. control group, P = 0.001; Sal 
B 1 μmol/L vs. TNF‑α group, P = 0.048; Sal B 5 μmol/L 
vs. TNF‑α group, P = 0.006; Sal B 10 μmol/L vs. TNF‑α 
group, P = 0.001). Next, we determined the effect of Sal B 
on TNF‑α‑induced MAPK activation. Compared to TNF‑α 
alone, the induction of p‑ERK1/2 and p‑JNK were inhibited 
by Sal B in a concentration‑dependent manner [Figure 4].

dIscussIon

We found that Sal B significantly reduced MMP‑9 protein 
expression and activity in TNF‑α‑induced HCAECs. 
Furthermore, we found that Sal B markedly inhibited the 
activation of NF‑κB and the phosphorylation of JNK and 
ERK1/2 in TNF‑α‑induced HCAECs. These data suggested 
that Sal B reduces TNF‑α‑induced MMP‑9 expression via 
the inhibition of multiple upstream signaling pathways, 
including NF‑κB, JNK, and ERK1/2.

TNF‑α largely contributes to the inflammation progress of 
KD at the coronary arteries.[6] This was demonstrated in a 
TNF‑α knockout KD rat model which is resistant to coronary 
arteries vasculitis.[27] In this study, TNF‑α was used to induce 
HCAECs as a coronary arteries inflammation model of KD.

Although the mechanisms of KD are not totally understood, 
it has been found the involvement of MMP‑9 in the 
vasculitis process of KD. MMP‑9, as a major component 
of the enzyme cascade for degradation of the extracellular 
matrix, participates in the processes of elastin breakdown, 
which is related to the development of coronary artery 
aneurysms in KD.[8] MMP‑9 is inducible by TNF‑α in 
vascular endothelial cells.[7] We demonstrated that the 
activity and expression of MMP‑9 induced by TNF‑α 
were decreased by 1–10 μmol/L Sal B in dose‑dependent 
degrees. Since cell viability was not influenced by the same 
doses of Sal B, suggesting that the inhibitory effect of Sal 
B on MMP‑9 is not due to the reduction of cell number, but 
through other mechanisms.

After demonstrating the inhibitory effect of Sal B on MMP‑9 
expression, we subsequently detected the involvement of 
NF‑κB and MAPKs in MMP‑9 expression. To do this, 
several specific inhibitors of NF‑κB and MAPKs were used 
to determine which signaling pathways might be involved in 
the expression of MMP‑9. Our data showed that except the 
inhibitor of p38, another inhibitor can decrease the MMP‑9 

Figure 2: Involvement of MAPKs and nuclear factor‑κB in the induction 
of MMP‑9 by TNF‑α. (a) Cells were treated with SP600125 at 50 μmol/L 
for 30 min, SB203580 at 10 μmol/L, Bay 11‑1072 at 2 μmol/L and 
U0126 at 10 μmol/L for 1 h, and then co‑treated with TNF‑α for 8 h. 
Protein level of MMP‑9 was detected by Western blot assay; (b) Cells 
were treated with TNF‑α for various times (10 min to 8 h) extracted and 
the protein levels of JNK, ERK, and IκB were determined by Western 
blot. The band intensities were assessed by scanning densitometry. 
Significance compared with untreated group, *P < 0.01; significance 
compared with TNF‑α group, †P < 0.01. MAPK: Mitogen‑activated 
protein kinase; JNK: c‑Jun N‑terminal kinase; ERK: Extra‑cellular 
signal‑regulated kinase; MMP‑9: Matrix metalloproteinase‑9; TNF‑α: 
Tumor necrosis factor‑α.
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expression induced by TNF‑α. This means NF‑κB, ERK1/2 
and JNK pathways were involved in MMP‑9 expression.

In NF‑κB activation, there are several key steps, including 
IκB kinase activation, IκBα degradation, p65 nuclear 
translocation, and DNA binding activity of NF‑κB.[28] In this 
study, Sal B was found to decrease IκBα phosphorylation 
and p65 nuclear translocation in TNF‑α‑induced HCAECs. 

Furthermore, Sal B inhibited TNF‑α‑induced ERK1/2 
and JNK activation in a concentration‑dependent manner. 
Our study indicated that NF‑κB, JNK, and ERK signaling 
pathways may be related to the pathogenesis of KD. This 
provides a new idea on the study of the pathogenesis of 
KD. This can be further confirmed in animal and clinical 
studies. Sal B, a bioactive compound of S. miltiorrhizae, had 
a regulatory effect on TNF‑α‑induced MMP‑9 expression 
via NF‑κB, JNK, and ERK signaling pathways. Our findings 
provide evidence that Sal B may be an alternative agent for 
the treatment of KD that does not respond to IVIG therapy, 
which have potential clinical significance. Of course, this 
requires further confirmation.

In conclusion, our data showed that Sal B reduced MMP‑9 
expression and activity through inhibiting NF‑κB, JNK, 
and ERK activation. Our findings may provide insight into 
the pathogenesis of KD and suggests a novel adjunctive 
therapy for KD.
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