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ABSTRACT 

Salvianolic acid B inhibits proliferation and inflammation  

in vascular smooth muscle cells and endothelial cells  

through regulating ROS via heme oxygenase-1 induction 

 

Hyun Jung Lee 

 

Department of Medical Science 

The Graduate School, Yonsei University 

(Directed by Professor Eun Jig Lee) 

 

The reactive oxygen species (ROS)-induced vascular endothelial cells (ECs) 

dysfunction and vascular smooth muscle cell (VSMCs) proliferation are involved in 

the development of atherosclerosis and restenosis. Also, ROS is triggered by 

multiple factors including cytokines such as tumor necrosis factor α (TNF-α) and 

growth factors such as platelet-derived growth factor (PDGF), which are produced 

by platelets, VSMCs, and ECs in the injured vascular wall. This study was designed 

to investigate the effects of salvianolic acid B (Sal B), one of compound in Danshen 

on HUVECs and VSMCs. Stimulating HUVECs and VSMCs with TNF-α and 

PDGF-BB in vitro to induce inflammation, proliferation and ROS generation was 

used to identify the roles of Sal B. Sal B treatment significantly inhibited PDGF-
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BB-induced cell proliferation and migration, and reduced intracellular ROS 

generation by PDGF-BB in a dose-dependent manner in VSMCs. Sal B 

significantly induced heme oxygenase-1 (HO-1) protein expression and inhibited 

PDGF-BB-induced phosphorylation of AKT by scavenging ROS. Furthermore, Sal 

B activated the translocation of the transcription factor nuclear factor-E2-related 

factor 2 (Nrf2) in VSMCs. In HUVECs, Sal B also dramatically induced HO-1 and 

inhibited TNF-α-induced nuclear factor kappa-light-chain-enhancer of activated B 

cells (NF-κB) translocation from cytosol to nucleus and phosphorylation of MAPK 

by scavenging ROS generation. Our data demonstrated that Sal B inhibits PDGF-

BB-induced cell proliferation, migration in VSMCs and TNF-α-induced 

inflammation in HUVECs by increasing the expression of HO-1 via Nrf2 activation 

and ROS scavenging, suggesting that Sal B may be a promising agent to prevent 

atherosclerosis and restenosis. 

 

 

 

 

 

 

Key words : Salvianolic acid B, VSMC, HUVEC, HO-1, Nrf2  
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Ⅰ. INTRODUCTION 

 

Oxidative stress and the production of intracellular reactive oxygen species (ROS) 

have been implicated in vascular injury leading to atherosclerosis, hypertension, 

restenosis, and vasospasm.
1-4

 Moderate levels of ROS, especially superoxide anions 

and hydrogen peroxide, have been shown to activate signaling cascades mediating 

the responses to vasoactive peptides, growth factors, cytokines, hormones, and 

coagulation factors, as well as to physical and chemical stress. ROS participate in 

the regulation of vascular proliferation, migration, apoptosis, inflammation, 

modification of the extracellular matrix, and procoagulant activity.
5-6

 Particularly, 
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the role of NAD(P)H oxidase has been demonstrated as a source of ROS in vascular 

smooth muscle cells (VSMC) leading to neointimal hyperplasia.
7
 Several key 

findings support the concept that ROS can stimulate VSMC proliferation, 

contributing to the pathogenesis of neointimal hyperplasia after arterial injury.
8-9

 For 

instance, platelet-derived growth factor (PDGF), a mitogen implicated in 

atherogenesis, stimulates the production of H2O2 in VSMCs and leads to VSMC 

growth and migration.
3
 Several studies indicated expression of adhesion molecules 

on endothelial cells (EC) induced by tumor necrosis factor-α (TNF-α) is associated 

with activation of multiple signal transduction pathways, including mitogen-

activated protein kinases (MAPK) and factor kappa-light-chain-enhancer of 

activated B cells (NF-κB).
10-11

 In addition, the endothelial generation of ROS during 

inflammatory stimuli acts as a trigger for NF-κB activation, elevation in adhesion 

molecules and chemokines expression and could ultimately contribute to endothelial 

dysfunction.
12

 

Increased oxidative stress in vascular cells and ROS play a role in a number of 

cardiovascular pathologies, including response to arterial injury after balloon 

angioplasty. Importantly, therapeutic approaches aiming at augmenting the 

antioxidant defense, such as gene therapy with antioxidant genes heme oxygenase-1 

(HO-1) inhibit injury-induced neointima formation in animal models of restenosis.
13

 

For example, VSMCs from HO-1-deficient mice display abnormal growth.
14

 

Conversely, over-expression of HO-1 by either transfection of the HO-1 gene or 
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exogenous administration of a certain HO-1 inducer reduces excessive VSMC 

proliferation.
15

 Thus, genetic approaches targeting HO-1 or pharmacological 

interventions using HO-1 inducers may offer a promising therapeutic modality in 

treating occlusive vascular disease. Also, the transcription factor nuclear factor-

erythroid 2-related factor 2 (Nrf2), PI3K/AKT and MAPK pathways were suggested 

for the transcriptional activation of HO-1 gene in response to various forms of 

stimulation such as oxidative stress, nitric oxide and hemodynamic stress.
16

 The 

exogenous administration of HO-1 by the use of agonists or gene transfer reduced 

the development of atherosclerosis in apolipoprotein E–deficient mice and of 

restenosis in balloon-injured rat models.
15, 17

  

The dry roots of Salvia miltiorrhiza (Danshen) are a representative oriental 

medicine used for the treatment of coronary artery disease, hyperlipidemia, 

hypertension, arrhythmias, and peripheral vascular disease.
18

 Indeed, at least 50 

compounds have been isolated and identified from the aqueous extracts of Danshen 

and salvianolic acid B (Sal B) is an active water soluble polyphenolic acid extracted 

from the root of Salvia miltiorrhiza.
19-20

 Sal B has been widely used in China and, to 

a lesser extent, in Japan, the United States, and some European countries for the 

treatment of cardiovascular disorders and cerebrovascular diseases.
19

 Sal B has been 

shown to exhibit antiatherogenic effect by multiple mechanisms such as scavenging 

of ROS 
21-22

, to protect against oxidative injury to hepatocytes and ECs and to 

improve motor function after cerebral ischemia in rats. 
23-24

 Also, Sal B was shown 
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to possess biological activities unrelated to its antioxidant capacity, among which 

are vasodilatant properties as a result of inhibition of calcium channels, modulation 

of gene transcription in ECs involving the NF-κB pathway.
25

 

Thus, the centrality of the ROS–HO-1 pathway as a key mediator involved in 

regulation of VSMCs proliferation and HUVECs inflammatory responses may be 

very useful therapeutic agents for vascular diseases including atherosclerosis. It is 

well established that polyphenolic compounds isolated from herbal extracts play 

significant roles in the prevention of atherosclerosis. However, the vascular 

protective role of Sal B in VSMCs and HUVECs is unclear. In this regard, it is 

questioned whether Sal B could induce HO-1 expression in rat VSMCs and, if so, 

whether inhibition of VSMC proliferation and migration and decreased ROS 

formation by Sal B could be mediated via its HO-1 expression. It is also questioned 

whether Sal B may be also effective in the expression of HO-1 and Nrf2 in HUVEC 

might regulate VSMC growth.  
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Ⅱ. MATERIALS AND METHODS  

 

1. Materials  

 

Sal B was purchased from Korea Food & Drug Administration. Structure of Sal B 

used in this study is shown in Figure 1. Chemically PDGF is dimeric glycoprotein 

composed of A or B chains, which are able to form three isoforms: PDGF-AA, 

PDGF-BB, and PDGF-AB. In this study, we used recombinant rat PDGF-BB 

purchased from Sigma (St. Louise, MO, USA). TNF-α was purchased from R&D 

Systems (Minneapolis, MN, USA). β-actin, PCNA, HO-1 and Nrf2 antibody were 

purchased from Santa Cruz (Delaware, CA, USA) and pAKT, AKT, pMAPK, 

MAPK, Lamin A and p65 antibody were purchased from Cell Signaling 

Technology (Danvers, MA, USA). 3-[4,5-dimethyl-2-thiazolyl]-2,5-diphenyl-2-

tetrazolium bromide (MTT) were purchased from Sigma (St. Louise, MO, USA). 

Bromodeoxyuridine (5-bromo-2-deoxyuridine, BrdU) cell proliferation kit was 

purchased from Roche (Indianapolis, IN, USA). 
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Figure 1. Structure of the salvianolic acid B.  

 

2. Cell culture  

 

Rat VSMCs were isolated from male Sprague-Dawley rats (ORIENT-Charles 

River Technology, Seoul, Korea) weighing 200 – 250 g and maintained in 10% fetal 

bovine serum (FBS) and Dulbecco’s modified Eagle’s medium (DMEM) 

(Invitrogen, Grand Island, NY) as described previously.
26

 HUVECs were purchased 

from Lonza (Walkersville, MD, USA) and cultured in endothelial cell growth 

medium containing 10% media supplement mix (Lonza). For the experiments, 

vascular cells from passages 3 – 8 were used after 24 h of serum depletion and 

maintained in medium in a humidified chamber containing 5% CO2 at 37°C. 
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3. Analysis of cell proliferation and viability  

 

MTT assay was used for estimating VSMC proliferation and HUVEC cytotoxicity 

as described previously.
27

 Cells were grown to subconfluence in 96-well plates and 

synchronized as described above in the presence or absence of the indicated drugs 

for 24 h. Sal B was added and incubated for 30 min prior to PDGF-BB stimulation 

for 48 h. MTT was added at a final concentration of 0.5 mg/ml, and after further 4 h 

incubation, cells were eluted with 200 μl of dimethylsulfoxide (DMSO) solution. 

MTT reduction was read at 570 nm by a spectrophotometer.  

Additionally, cell proliferation was determined with a nonisotopic enzyme 

immunoassay for BrdU incorporation, following the manufacturer’s instruction. 

Cells were labeled with BrdU for 2 h. The medium was removed, and cells were 

fixed with fixing solution at room temperature for 30 min. The fixing solution was 

aspirated and anti-BrdU antibody was added for 1 h. After washing, 100 μl goat 

anti-mouse IgG peroxidase conjugate was added for 30 min. After repeated washing, 

100 μl of substrate was added, and the plate was incubated in the dark for 2 h 

followed by the supply of 100 μl of stop solution. Absorbance was read on a 

spectrophotometer microplate reader set at dual wavelength of 450/550 nm. The 

background absorbance of cells receiving no primary antibody was subtracted. 
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4. Wound-healing migration assay 

 

We used an in vitro wound-healing assay to assess VSMC migration. The cells 

were seeded in 24-well plates at 3 x 10
4
 cells/well and grown to confluence. To 

minimize proliferation and enhance the contribution of migration to wound healing, 

VSMC monolayers were serum starved 24 h before wounding. Monolayers were 

manually scraped with a 200-µl pipette tip and then gently washed twice with PBS 

to remove nonadherent cells. Images of the wounded area were captured 

immediately and 24 h after injury. The images were collected with a Nikon Eclipse 

TE200 microscope equipped with a Photometrics CoolSnap charge-coupled device 

camera (Roper Scientific, Trenton, NJ, USA).  

 

5. Nuclear protein extraction 

 

Vascular cells were plated in 100 mm dishes at 70% confluence and then 

incubated at various concentrations of Sal B for 24 h before stimulation with PDGF-

BB in VSMCs and TNF-α in HUVECs. Protein for Nrf2 and NF-κB from nuclear 

fractions of the cells was isolated using a nuclear extraction kit (Cayman, Ann 

Arbor, MI) following the manufacturer's protocol. Briefly, after cell activation for 

the times indicated, cells were washed in 1 ml of ice-cold PBS/phosphatase 

inhibitor solution, centrifuged at 300 g for 5 min, resuspended in 500 μl of ice-cold 
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hypotonic buffer, left on ice for 15 min, vortexed, and centrifuged at 15,000 g for 30 

sec. Pelleted nuclei were gently resuspended in 50 μl of ice-cold nuclear extraction 

buffer, vortexed for 15 sec and then placed on ice for 15 min, repeated four more 

times for a total six cycles and centrifuged at 15,000 g for 5 min at 4°C. Aliquots of 

the supernatant that contained nuclear proteins were frozen in liquid nitrogen and 

stored at –70°C. 

 

6. Western blotting analysis  

 

After Sal B treatment, the vascular cells were collected and washed with PBS. 

After centrifugation, cell lysis was carried out by vigorous shaking for 15 min in 

RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 

mM Tris-HCl (pH 7.4), 50 mM glycerophosphate, 20 mM NaF, 20 mM EGTA, 1 

mM DTT, 1 mM Na3VO4 and protease inhibitors). After centrifugation at 14,000 

rpm for 15 min, the supernatant was separated and stored at -80℃ until use. Protein 

concentrations in supernatant fractions were determined by the Bradford assay. 

After addition of sample loading buffer, protein samples were electrophoresed on a 

10 % SDS-polyacrylamide gel at 100 V for 2 h. Proteins were transferred to 

polyvinylidene difluoride blots at 20 V for 30 min. The blots were blocked for 1 h at 

room temperature in fresh blocking buffer (0.1% Tween 20 in Trisbuffered saline 

(TBST), pH 7.4, containing 5% non-fat dried milk). Dilutions (1:1,000) of primary 
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antibodies were made in TBST with 5% non-fat dried milk. Following three washes 

with TBST, the blots were incubated with HRP-conjugated secondary antibodies 

(Santa Cruz Biotechnology) in TBST with 5% non-fat dried milk for 1 h at room 

temperature. The blots were washed again three times in TBST, and transferred 

proteins were incubated with ECL substrate solution (Amersham Pharmacia Biotech, 

Piscataway, NJ, USA) for 1 min according to the manufacturer’s instructions 

followed by visualization with X-ray film. 

 

7. Immunofluorescence staining 

 

The vascular cells were plated on the cover slips. After treatment with or without 

Sal B, when cells had grown to 20-30% confluence, they were cultured without 

serum for 24 hours. The cells were then fixed with cold methanol for 10 min and 

immersed in 1.0% Triton X-100 for 20 min and blocked with 5% goat serum for 30 

min. The cover slips were incubated with Nrf2 antibody at 4 °C overnight. They 

were then exposed to biotinylated anti-rabbit IgG(H+L) and fluorescein streptavidin. 

After being stained with propium idodie (PI, Vector Laboratoies, Burlingame, CA, 

USA), the cover slip was observed under a laser scanning confocal microscope 

(LSM700, Carl zeiss, Oberkochen, German). 
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8. Reverse transcription-polymerase chain reaction (RT-PCR) analysis 

 

The total RNA was extracts from VSMCs and HUVEC using TRIZOL reagent 

(Invitrogen Life Technology, Carlsbad, CA, USA). One μg of total RNA was 

reverse-transcribed using the Reverse transcription system (Promega, Madison, WI, 

USA). The primers used for amplification were: GAPDH (forward primer: 5’-GC 

ACCGTCAAGGCTGAGAAC-3’, reverse primer: 5’-TGGTGAAGACGCCAGTG 

GA-3’); HO-1 (forward primer: 5’-CACGCATATACCCGCTACCT-3’, reverse 

primer: 5’- AAGGCGGTCTTAGCCTCTTC-3’); HIF-1α (forward primer: 5’-CAG 

TCTTCACCACCCCTGAT-3’, reverse primer: 5’-CAGTGAGGGGATCGATGA 

GT-3’); ICAM-1 (forward primer: 5’-TCACGGAGCTCCCAGTCCTAA-3’, 

reverse primer: 5’-AAAGGCAGGTTGGCCAATGA-3’), VCAM-1 (forward 

primer: 5’-CGAAAGGCCCAGTTGAAGGA-3’, reverse primer: 5’- GAGCACGA 

GAAGCTCAGGAGAAA-3’). The cycling conditions were as follows: initial 

denaturation at 95 ℃ for 5 min, followed by 35 cycles at 94 ℃ for 1 min, 60 ℃ for 

1 min, and 72℃ for 1 min. 

 

9. Reactive oxygen species assay 

 

Intracellular ROS production using dichlorofluorescein diacetate (DCF-DA) were 

detected by flow cytometry. VSMCs and HUVECs were starved in serum-free 
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medium for 1 h and then loaded drugs with CM-H2DCFDA (Molecular Probes Inc., 

Eugene, OR, USA). After treatment with or without Sal B 1 h, cells were stimulated 

with PDGF-BB (10 ng/ml, 30 min) and TNF-α (10ng/ml, 15 min). Cells were 

washed with ice cold PBS and detached from plates using trypsin. Cells were 

harvested by centrifugation (1000 rpm, 5 min) and washed again in PBS. Cells were 

excited with 488 nm UV line argon ion laser in a flow cytometer (FACS Calibur, 

BD science, Franklin Lakes, NJ, USA), and the DCF emission was recorded at 530 

nm. Data were collected from at least 10,000 cells. 

 

10. NADP(H) and NADPH measurements 

 

For determination of the ratio of NADPH to the total NADP(H) concentration, 

VSMCs and HUVECs pellets were obtained after Sal B treatment 24 h. NADPH 

and NADP(H) total concentrations in the filtrate were analyzed with a colorimetric 

NADP+/NADPH assay kit (Abcam ab65349) following the manufacturer's protocol. 

Briefly, after cell treatment with Sal B for the times indicated, cells were washed in 

1 ml of ice-cold PBS/phosphatase inhibitor solution, centrifuged at 300 g for 5 min, 

resuspended in 200 μl of NADP/NADPH Extraction Buffer, left on ice for 20 min, 

then thawed for 10 min at room temperature, vortexed for 10 sec and centrifuged at 

15,000 g for 5 min. 50 μl of extracted samples transfered into labelded 96-well plate 

in duplicates. Samples were gently mixed with 100 μl of NADP Cycling Mix, plates 



15 

 

incubated at room temperature for 5 min to convert NADP to NADPH, and 10 μl of 

NADPH developer added into each well. Reaction let develop for 1 to 4 h and the 

plate was read at 450 nm by a spectrophotometer. 

 

11. siRNA Transfection 

 

Double stranded Stealth™ RNAi (forward primer: 5’-GGUGGCGACAGUUGCU 

GUAGGGCUU-3’, reverse primer: 5’-AAGCCCUACAGCAACUGUCGCCACC- 

3’, Invitrogen Life Technology, Carlsbad, CA, USA) was reconstituted to 

Lipofectamin
TM

 2000 (Invitrogen). Transfection was performed for 24 hours in 

quiescent cells in Opti-MEM. HO-1 siRNA (Invitrogen, 12935) and Nrf2 siRNA 

(Santa Cruz Biotechnology, sc37030) were delivered according to manufacturer’s 

instructions. siRNA transfection efficiency was observed by uptake of fluorescein 

conjugated scrambled siRNA sequence. RNAi protein knockdown was confirmed 

by western blot analysis of total protein 24 hours after transfection with siRNA. 

 

12. Statistical analysis 

 

Statistical analysis was performed using SPSS 10.0 software (SPSS Inc, Chicago, 

IL, USA) and p < 0.05 was considered statistically significant. Data are presented as 

the mean ± SD. 
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Ⅲ. RESULTS 

 

1. Induction of HO-1 by Sal B in VSMCs and HUVECs  

 

To test whether Sal B could induce HO-1, VSMCs and HUVECs were treated with 

various concentrations of Sal B for 24 h. As shown in Figure 2A, treatment of 

VSMCs with 0 – 200 μM Sal B increased HO-1 expression dose dependently 

(Figure 2A). At 50 μM or more higher, Sal B significantly increased the expression 

of HO-1 protein compared with the control (P<0.05). To examine the temporal 

changes in HO-1 expression upon exposure to Sal B, cells were incubated with 50 

μM Sal B in VSMCs, and induction of HO-1 was evident as early as 12 h, and the 

augmentation lasted for at least 24 h (Figure 2B). We also investigated induction of 

HO-1 by Sal B in HUVECs. Sal B increased HO-1 expression significantly 

compared with the control and showed similar pattern with the previous experiment 

in VSMCs (Figure 2C). The maximal protein induction was seen at 8 to 20 h in 

HUVECs (Figure 2D). Concentrations used did not cause any obvious cytotoxicity. 

The above results suggest that Sal B could induce functional HO-1 expression in 

both VSMCs and HUVECs.  
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Figure 2. Effects of Sal B on HO-1 expression in VSMCs and HUVECs. VSMCs 

and HUVECs were treated with various concentrations (0 – 200 μM) of Sal B for 24 

h (A, C) and Sal B (50 μM) for various time periods (0 – 24h, B, D), and then 

washed twice with PBS. Cells lysates were prepared and subjected to western blot 

for HO-1 protein. Results are mean ±SD from three independent experiments 

performed in triplicate. *P<0.05, **P<0.001 compared with control cells. 
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2. Inhibition of PDGF-BB-induced VSMC proliferation and migration by Sal B  

 

To evaluate whether Sal B inhibits proliferation and migration in VSMCs, the anti-

proliferative effect of Sal B in VSMCs was accompanied by MTT assay with 

PDGF-BB. As expected, Sal B significantly inhibited proliferation in the VSMCs 

stimulated by PDGF-BB in a dose-dependent manner. A statistically significant 

anti-proliferative effect was observed at concentrations of 5 μM or higher in PDGF-

BB-stimulated VSMCs (Figure 3A). In parallel with the result of the MTT assay, 

Sal B markedly reduced PDGF-BB-stimulated PCNA expression in VSMCs (Figure 

3B). 

Next, we tested the effects of Sal B on VSMC migration (Figure 4). PDGF-BB 

enhanced the basal migration of VSMCs by 3-fold after PDGF-BB stimulation. 

Treatment with Sal B 50 μM resulted in a concentration-dependent inhibition of cell 

migration with statistical significance achieved. These data indicated that Sal B 

inhibited proliferation and migration in VSMCs. 
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Figure 3. Effects of Sal B on proliferation of VSMCs. (A) Proliferation activities 

were measured by MTT assay in the absence(left) or presence(right) of PDGF-BB 

(10 ng/ml). Relative proliferation activities were expressed using untreated control 

cells as a standard. (B) Effects of Sal B on PDGF-BB-stimulated PCNA expression 

in western blot analysis. Results are mean ±SD from three independent 

experiments performed in triplicate. *P<0.05, **P<0.001 compared with control 

cells. 
#
P<0.05, 

##
P<0.001 compared with PDGF-BB-stimulated control cells. 
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Figure 4. Effects of Sal B on migration of VSMCs. The cells were grown to be in 

confluent state in 24-well plates and manually scraped with a pipette tip. Sal B and 

PDGF-BB were exposed to cultures for 24h and detected by light microscopy after 

incubation.  
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3. Reduction of PDGF-BB-induced ROS by Sal B through HO-1 induction in 

VSMCs  

 

To evaluate the involvement of oxidative stress on PDGF-BB-induced vascular 

proliferation and migration, ROS-specific experiments were performed. To confirm 

whether the inhibitory effect of Sal B on PDGF-BB-induced intracellular ROS 

production, VSMCs was labeled with a cell-permeable fluorescent dye H2DCF-DA 

and analyzed by spectrofluorometer and fluorescence microscope. Stimulation with 

PDGF-BB resulted in a great increase in the amount of intracellular ROS generation 

in VSMC compared with unstimulated cells (Figure 5A, B). However, pretreatment 

with Sal B (50 – 100μM) significantly decreased stimuli-induced intracellular ROS 

production. Coincident with the reports that free radical scavenger NAC (5 mM) 

also abolished induced intracellular ROS production (data not shown). Meanwhile, 

Sal B (50 μM) and NAC (5 mM) also showed similar free radical scavenging 

capacity (P<0.001). PDGF-BB stimulation was associated with increased activity of 

NADPH oxidase in VSMCs. Stimulation with PDGF-BB resulted in a great 

increase in the amount of NADP/NADPH ratio compared with unstimulated cells 

(Figure 5C). Sal B also reduced PDGF-BB-stimulated NADP/NADPH level in a 

dose dependent manner. These results strongly suggested that Sal B could likely 

inhibit VSMC proliferation by reducing PDGF-BB-induced intracellular ROS 

generation. 
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Then, we tested whether Sal B could activate genes associated with antioxidant 

enzymes HO-1 in PDGF-BB-stimulated VSMCs. Even though treatment with 

PDGF-BB alone could increase HO-1 accumulation, Sal B markedly induced HO-1 

mRNA and protein level in VSMCs and also PDGF-BB-stimulated VSMCs in a 

dose dependent manner (Figure 6A, B). These data indicate that ROS scavenging 

effects of Sal B is mediated through induction of HO-1 in VSMCs. 
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Figure 5. Effects of Sal B in ROS generation in VSMCs. (A) After VSMCs were 

serum starved for 24h in the absence or presence of Sal B, cells were incubated with 

PDGF-BB (10 ng/ml) for 30 min and ROS were assessed as described in the 

Methods section. (B) Relative fluorescence intensities were calculated using 

untreated control cells as a standard. (C) The cellular NADPH oxidase activities 

after 24 h Sal B treatment in VSMCs. Results are mean ±SD from three 

independent experiments performed in triplicate. *P<0.05, **P<0.001 compared 

with control cells. 
##

P<0.001 compared with PDGF-BB-stimulated control cells.  
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Figure 6. Effects of Sal B on HO-1 expression in VSMCs. VSMCs were serum 

starved for 24h in the absence or presence of Sal B and stimulated with PDGF-BB 

(10 ng/ml) for 1h. HO-1 protein expression and mRNA levels were measured using 

western blot (A) and RT-PCR (B) compared with control cells. Results are mean 

±SD from three independent experiments performed in triplicate. *P<0.05 

compared with control cells. 
#
P<0.05, 

##
P<0.001 compared with PDGF-BB-

stimulated control cells. 
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4. Inhibition of PDGF-BB-induced AKT phosphorylation through HO-1 

induction in VSMCs 

 

It is well known that PI3K/AKT and MAPK/ERK are the two main PDGF 

signaling pathways and are linked to numerous cellular processes, including 

proliferation and migration.
28-30

 To elucidate the possible anti-proliferation and 

migration pathway of Sal B on VSMCs, we investigated the effects of Sal B on the 

AKT and ERK pathways. First, we evaluated the effects of Sal B with PDGF-BB on 

the phosphorylation of AKT, AKT and HO-1 expression. Figure 7 showed that 24 h 

of exposure to Sal B blocked the phosphorylation of AKT pathways and HO-1 

expression was increased in both 1h and 6h PDGF-BB-stimulated VSMCs in a dose 

dependent manner. However, these reductions were not statistically significant in 

ERK expression in VSMCs (Data not shown). These results suggest that Sal B 

inhibited upstream signaling of AKT by reducing PDGF-BB-stimulated 

intracellular ROS generation via HO-1 induction in VSMCs. 
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Figure 7. Effects of Sal B on the phosphorylation of AKT. VSMCs were serum 

starved for 24h in the absence or presence of Sal B and stimulated with PDGF-BB 

for 1h and 6h. Whole cell lysates were prepared and subsequently used for detection 

of pAKT, AKT, HO-1 and β-actin by western blot. Results are mean ±SD from 

three independent experiments performed in triplicate. *P<0.05 compared with un 

treated control cells. 
#
P<0.05 compared with PDGF-BB-stimulated control cells for 

1h. ¶P<0.05, ¶¶P<0.001 compared with PDGF-BB-stimulated control cells for 6h.  
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The role of HO-1 in regulating PDGF-BB-induced VSMCs proliferation and 

migration was confirmed by using HO-1 siRNA knockdown approach. Transfection 

of siRNA into VSMCs resulted in the knockdown of endogenous HO-1 protein 

levels, which blocked HO-1-mediated transcription activation. VSMCs were 

transfected with HO-1 siRNAs or non-specific siRNAs before treatment with Sal B 

100 μM for 24 h. Transfection with HO-1 siRNA resulted in inhibition of HO-1 

protein accumulation in VSMCs (Figure 8A). HO-1 siRNA abolished the AKT 

phosphorylation suppression effects of Sal B on PDGF-BB-stimulated VSMCs 

(Figure 8A). In proliferation, VSMCs transfected HO-1 siRNA had a tendency to 

affect the expression to be lowered mildly on MTT assay compared with control 

siRNA-transfected VSMCs (Figure 8B). We next investigated whether HO-1 

mediates the anti-migration effects of Sal B on the VSMCs. We transfected the 

siRNA specific to HO-1 to confirm that the anti-migration effects were mediated 

through HO-1. The inhibitory effect of Sal B, on PDGF-BB-induced cell migration, 

was reversed by HO-1 silencing (Figure 8C). These results indicated a key role for 

HO-1 by Sal B in regulating PDGF-BB-induced proliferation and migration in 

VSMCs by reducing induced intracellular ROS generation. 
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Figure 8. Effects of HO-1 silencing on proliferation and migration of VSMCs. (A) 

VSMCs were serum starved for 24h before transfection with HO-1 siRNA or non-

specific siRNA and treated with Sal B. (B) Proliferation activities were measured by 

MTT assay and (C) migration was measured by wound-healing assay in the VSMCs, 

which are transfected with HO-1 siRNA or non-specific siRNA. Results are mean 

±SD from three independent experiments performed in triplicate. *P<0.05, 

**P<0.001 compared with control cells. 
#
P<0.05, 

##
P<0.001 compared with PDGF-

BB-induced control cells. 
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5. Induction of HO-1 by Sal B via Nrf2 activation in VSMCs 

 

We next determined the time course of Nrf2 translocation from cytoplasm to 

nucleus by Sal B. Cells were treated with Sal B for 1 to 24h, fixed and 

permeabilized. Immunofluorescence showed that Nrf2 was located predominantly 

in the cytoplasm of control cells (Figure 9). Nrf2 had a perinuclear and nuclear 

localization at 2 to 5 h in the cells treated with Sal B, indicating that Nrf2 moved 

into the nucleus. At later time points (6–24 h), Nrf2 was redistributed in the 

cytoplasm from the nucleus. Additionally, cells were treated with Sal B in PDGF-

BB stimulation. It was shown with FITC-Nrf2 antibody that Nrf2 protein was 

translocated from cytoplasm to the nucleus after Sal B treatment dose dependent 

manner in PDGF-BB-stimulated VSMCs (Figure 10A). To verify this result, 

additional experiments were conducted with subcellular fractions. Western blot 

analyses showed that Nrf2 were detected predominantly in the cytoplasmic fraction 

of control cells. Conversely, a greater amount of Nrf2 was found in the nuclear 

fraction than in the cytosolic fraction of the cells treated with 100 μM Sal B. The 

changes in Nrf2 band intensity in cytoplasmic and nuclear fractions further 

supported redistribution of Nrf2 by Sal B (Figure 10B). Also, Sal B-induced HO-1 

protein accumulation in VSMCs was increased. The role of Nrf2 in regulating Sal 

B-induced HO-1 expression was confirmed by using an Nrf2 siRNA knockdown 

approach. Transfection of Nrf2 siRNA into VSMCs resulted in the knockdown of 
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endogenous Nrf2 protein levels, which blocked Nrf2-mediated transcription 

activation. VSMCs were transfected with Nrf2 siRNA or non-specific siRNA before 

treatment with Sal B (50 μM). Transfection with Nrf2 siRNA abolished Sal B-

induced HO-1 protein accumulation in VSMCs (Figure 10C). These results suggest 

that Sal B-induced Nrf2 activation and translocation from the cytosol to the nucleus 

and such effects could induce HO-1 expression in VSMCs. 
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Figure 9. Expression of Nrf2 by Sal B in VSMCs. To determine the effects of Sal B 

on Nrf2 translocation, the cells were treated with 100 μM Sal B for 1-24 h, stained 

for Nrf2 with anti-Nrf2 antibody, respectively, and optically examined by confocal 

laser-scanning microscopy.   
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Figure 10. Effects of Sal B on Nrf2 translocation in PDGF-BB-induced VSMCs. (A) 

VSMCs were pretreated with Sal B for 24h and 10 ng/ml PDGF-BB for 6 h. Nrf2 

localization was immunochemically detected using anti-Nrf2 antibody. (B) Western 

blot analysis of Nrf2 in subcellular fractions. Cytoplasmic and nuclear fractions 

were obtained from cells treated with PDGF-BB. (C) HO-1 protein expression of 

VSMCs transfected with Nrf2 siRNA was measured by western blot. Results are 

mean ±SD from three independent experiments performed in triplicate. (B) 

*P<0.05, **P<0.001 compared with PDGF-BB-induced control cells. (C) 
#
P<0.05 

compared with control siRNA-transfected control cells 



33 

 

6. The suppressive effects of Sal B on NF-κB activation in PDGF-BB induced 

VSMCs  

 

The nuclear translocation of NF-κB p65 subunit is an evidence for NF-κB gene 

activation and the NF-κB signaling pathway is regulated by Nrf2 and HO-1 

activation. To determine the role of NF-κB in stimulation with PDGF-BB on VSMC 

proliferation and migration, western blot analysis was used as a reliable readout of 

NF-κB activation. As shown in Figure 11, upon VSMC exposing to PDGF-BB, the 

NF-κB p65 protein expression in nuclear extracts was markedly increased compared 

with in cytosolic extracts. Treatment with Sal B blocked the induced expression of 

NF-κB p65 in nuclear fraction. These results suggest that NF-κB activation in 

VSMCs could be modulated by Sal B-induced HO-1 via Nrf2 activation and 

translocation from the cytosol to the nucleus. 
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Figure 11. Effects of Sal B on NF-κB activation in PDGF-BB-induced VSMCs. 

Cells were pretreated with Sal B for 24 h prior to PDGF-BB (10 ng/ml) stimulation, 

and p65 NF-κB  translocation was assayed by western blot. Each result was 

normalized to the β-actin and Lamin A level. Results are mean ±SD from three 

independent experiments performed in triplicate. *P<0.05, **P<0.001 compared 

with control cells and 
##

P<0.001 compared with PDGF-BB-induced control cells.  
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7. The effects of Sal B on HUVEC viability  

 

The cytotoxicity of Sal B on HUVEC was detected through the loss of cell 

viability using MTT assay and BrdU assay. HUVECs were serum starved for 24 h 

in the absence or presence of Sal B with 1-100 μM. More than 90% of cells were 

viable after challenge with 1-100 μM Sal B in both MTT assay and BrdU assay. 

Nearly more than 90% cells were viable after treatment 1-50 μM Sal B in HUVECs, 

but this increase was not statistically significant. Thus, cytotoxicity of endothelial 

cells by Sal B does not appear to be linked. 
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Figure 12. Effects of Sal B on cell viability in HUVECs. Viability analyses were 

measured by MTT assay and BrdU assay after treatment with Sal B. Relative 

proliferation activities were expressed using untreated control cells as a standard. 

Results are mean ±SD from three independent experiments performed in triplicate.  
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8. Reduction of TNF-α-stimulated ROS by Sal B through HO-1 induction in 

HUVECs  

 

We examined the effects of Sal B on ROS generation in TNF-α-stimulated 

HUVECs. To evaluate the involvement of oxidative stress on TNF-α-stimulated 

vascular inflammation, ROS-specific experiments were performed. Firstly, to 

confirm whether the inhibitory effect of Sal B on TNF-α-stimulated intracellular 

ROS production, HUVECs was labeled with a cell-permeable fluorescent dye 

H2DCF-DA and we measured that TNF-α showed a statistically significant increase 

of ROS compared with unstimulated cells. Figure 13A, B shows that pretreatment 

with 50 μM Sal B significantly decreased TNF-α-induced DCF-sensitive cellular 

ROS level. Also, TNF-α stimulation increased NADPH oxidase activity in 

HUVECs. Stimulation with TNF-α resulted in a great increase in the amount of 

NADP/NADPH ratio compared with unstimulated cells (Figure 13C). Sal B also 

reduced PDGF-BB-induced NADP/NADPH level in a dose dependent manner. 

These results strongly suggested that Sal B likely inhibited HUVEC inflammation 

by TNF-α through inhibition of TNF-α-induced intracellular ROS generation. These 

data indicated that ROS scavenging effects of Sal B is also mediated through 

antioxidant enzyme such as HO-1 in HUVECs . 
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Figure 13. Effects of Sal B on ROS generation in HUVECs. (A) After HUVECs 

were serum starved for 16 h in the absence or presence of Sal B, cells were 

incubated with TNF-α (10 ng/ml) for 30 min and ROS were assessed as described in 

the Methods section. (B) Relative fluorescence intensities were calculated using 

untreated control cells as a standard. (C) The cellular NADPH oxidase activities 

after 16 h Sal B treatment in HUVECs. Results are mean ±SD from three 

independent experiments performed in triplicate. *P<0.05, **P<0.001 compared 

with control cells. 
#
P<0.05, 

##
P<0.001 compared with TNF-α-stimulated control 

cells. 
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9. Induction of HO-1 by Sal B via Nrf2 activation in HUVECs 

 

We next determined the time course of Nrf2 translocation from cytoplasm to 

nucleus by Sal B in HUVECs. Cells were prepared from Sal B-treated HUVECs for 

1 to 24h without stimulation and the results were observed in immunofluorescence 

experiments. It was shown with FITC-Nrf2 antibody that Nrf2 protein was 

translocated to the nucleus after Sal B treatment for 2 h and was maximally present 

in the nucleus by 4 h (Figure 14). At later time points (5–24 h), Nrf2 was 

redistributed in the cytoplasm from the nucleus.  

Then, we tested whether Sal B could activate genes associated with antioxidant 

enzymes HO-1 in TNF-α-stimulated HUVECs. Even though treatment with TNF-α 

alone increased HO-1 accumulation, Sal B markedly induced HO-1 protein level in 

HUVECs and also TNF-α-stimulated HUVECs (Figure 15A). These data indicated 

that ROS scavenging effects of Sal B is mediated through HO-1 in HUVECs. 

Additionally, nuclear extracts were prepared from Sal B-treated HUVECs and 

controlled HUVECs with TNF-α stimulation. Sal B induced Nrf2 protein 

accumulation in the nucleus after TNF-α stimulation (Figure 15B). Densitometric 

analysis revealed that there was a 3-fold increase in Nrf2 protein over unstimulated 

cells incubations with Sal B. These results suggest that Sal B-induced Nrf2 

activation and translocation from the cytosol to the nucleus and such effects could 

induce HO-1 expression in HUVECs.. 
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Figure 14. Expression of Nrf2 by Sal B in HUVECs. To determine the effects of Sal 

B on Nrf2 translocation, the cells were treated with 100 μM Sal B for 1-24 h, 

stained for Nrf2 with anti-Nrf2 antibody, respectively, and optically examined by 

confocal laser-scanning microscopy. 
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Figure 15. Effects of Sal B on Nrf2 translocation in TNF-α-stimulated HUVECs. (A) 

HUVECs were serum starved for 16 h in the absence or presence of Sal B and 

stimulated with TNF-α (10 ng/ml). Nrf2 localization was assayed by western blot.  

Each result was normalized to the β-actin and Lamin A level. (B) Nrf2 localization 

was immunochemically detected using anti-Nrf2 antibody. Results are mean ±SD 

from three independent experiments performed in triplicate. *P<0.05, **P<0.001 

compared with control cells. 
#
P<0.05, 

##
P<0.001 compared with TNF-α-stimulated 

control cells.  
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10. The suppressive effects of Sal B on NF-κB activation in TNF-α-stimulated 

HUVECs  

 

Appropriately, to determine whether NF-κB activation was involved in the 

pretranslational effects of antioxidants, we studied NF-κB p65 protein levels in the 

nucleus of TNF-α-treated HUVECs by western blots. Then, we investigated the 

inhibitory effect of Sal B on TNF-α-induced NF-κB activity. As shown in Figure 16, 

TNF-α stimulation was associated with NF-κB p65 translocation into the nucleus 

from cytoplasm. However, Sal B inhibited the NF-κB p65 translocation in a dose-

dependent manner. These results were consistent with the suggestion that Sal B 

inhibits TNF-α-stimulated inflammation in vascular endothelial cells. Also, we 

investigated the effects of Sal B on the MAPK pathways. We evaluated the effects 

of Sal B on the phosphorylation of MAPK by western blot in TNF-α-stimulated 

HUVECs. Figure 16 showed that 16 h of exposure to Sal B blocked the 

phosphorylation of MAPK pathways in stimulated HUVECs in a dose dependent 

manner. These results suggest that Sal B inhibited upstream signaling of MAPK by 

reducing TNF-α-induced intracellular ROS generation via HO-1 induction. 
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Figure 16. Effects of Sal B on NF-κB translocation in TNF-α-stimulated HUVECs. 

HUVECs were serum starved for 16 h in the absence or presence of Sal B and 

stimulated with TNF-α (10 ng/ml). p65 NF-κB translocation and phosphorylation of 

MAPK were assayed by western blot. Each result was normalized to the β-actin and 

Lamin A level. Results are mean ±SD from three independent experiments 

performed in triplicate. *P<0.05, **P<0.001 compared with control cells and 

#
P<0.05, 

##
P<0.001 compared with TNF-α-stimulated control cells.   
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11. The suppressive effects of Sal B on ICAM-1 and VCAM-1 by HIF-1α 

induction in TNF-α-stimulated HUVECs  

 

The role of HIF-1α in the regulation of chemokine secretion was known in 

postischemic microvasculature through HO-1 signaling.
31

 Since oxidative stress was 

involved in TNF-α-induced vascular inflammation, firstly we measured that HIF-1α 

mRNA level in TNF-α stimulated HUVECs. Figure 17 showed that pretreatment of 

HUVEC with Sal B increased HIF-1α mRNA level dose dependently and 

significantly inhibited TNF-α-induced VCAM-1 and ICAM-1 mRNA expression. 

These results suggest that Sal B inhibited TNF-α-stimulated inflammation in 

HUVECs by inducing HO-1 expression via HIF-1α induction and ROS scavenging, 

suggesting that Sal B may be a promising agent to prevent atherosclerosis and 

restenosis. 
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Figure 17. Effects of Sal B on adhesion molecule expression in TNF-α-stimulated 

HUVECs. HUVECs were serum starved for 16 h in the absence or presence of Sal 

B and stimulated with TNF-α (10 ng/ml). HIF-1α, ICAM-1 and VCAM-1 mRNA 

levels were assayed by RT-PCR. Each result was normalized to the GAPDH level. 

Results are mean ±SD from three independent experiments performed in triplicate. 

*P<0.05, **P<0.001 compared with control cells and 
#
P<0.05 compared with TNF-

α-stimulated control cells.  
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Ⅳ. DISCUSSION 

 

Many vascular functions are redox-sensitive processes, and the basis of vascular 

health depends on in the delicate balance between ROS-producing and ROS-

detoxifying systems. Overproduction of ROS is one of the important contributors in 

the development of cardiovascular diseases.
32

 Thus, removal of excess ROS or 

suppression of ROS generation by antioxidants may be effective in preventing 

oxidative stress-induced cell injury. Considerable efforts have been made to search 

for natural antioxidants that impart cardiovascular benefits. Sal B, a major 

compound naturally contained in Danshen, was reported to possess strong 

antioxidant activities.
33

 The purpose of this study was to evaluate whether Sal B 

inhibits proliferation and migration of VSMCs and protects endothelial cells from 

oxidative damage. Furthermore, this study was identified the possible protective 

molecular mechanisms of this compound. The cardinal findings of this study 

included that induction of HO-1 could be critical in the intracellular defense against 

PDGF-BB-induced proliferation and migration in VSMCs and TNF-α-stimulated 

cellular inflammation in HUVECs. More importantly, Sal B could exert its anti-

atherogenesis and anti-inflammatory effect by directly inducing HO-1 expression in 

addition to directly scavenging the intracellular oxidative stress. 

Danshen has been shown to have protective effects on the cardiovascular system, 

including an antiatherosclerotic effect, antihypocholesterolemic effect, and 
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antihypertrophy effect.
34-35

 It has been widely used in the form of injection and oral 

dosage for the treatment of cardiocerebral vascular diseases in China and its clinical 

therapeutic efficacy has been confirmed by clinical studies.
36

 S. miltiorrhiza Bunge, 

a Chinese medicinal herb, has long been used for prevention and treatment of 

atherosclerosis. The main components of the aqueous extract of S. miltiorrhiza are 

Danshensu, salvianolic acids, and protocatechualdehyde.
37

 These compounds were 

shown to exhibit strong antioxidant activity by scavenging ROS in previous studies. 

4, 21
 It was also reported that the aqueous extract of S. miltiorrhiza is effective in 

attenuating increased endothelial permeability
2
, and protecting HUVECs against 

homocysteine-induced endothelial dysfunction.
38

 Sal B, one of the major water 

soluble compounds of Danshen, is the predominant ingredient when danshen is 

processed traditionally by extraction with water and is responsible for most of the 

Danshen's therapeutic activities, especially for its antioxidative and free radical 

scavenging effects.
4, 39

 

In this study, Sal B inhibited PDGF-BB-stimulated ROS generation and AKT 

phosphorylations in VSMCs. This result suggested that Sal B may inhibit PDGF-

BB signaling by associating with the upstream of AKT. PDGF is known to regulate 

the tyrosine phosphorylation of various signaling proteins via intracellular 

production of H2O2.
40-42

 PDGF β-receptors and other tyrosine kinases involved in 

VSMC proliferation and migration are regulated by protein tyrosine phosphatase. 

Recently, it was reported that N-acetylcysteine treatment prevented H2O2-induced 
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protein tyrosine phosphatase inhibition and reduced H2O2-induced PDGF β-receptor 

phosphorylation, PDGF-induced proliferation, and chemotaxis of VSMCs.
43

  

ROS such as superoxide and hydrogen peroxide act as intercellular and 

intracellular messengers that play physiological and pathophysiological roles in 

vascular biology. Pro-inflammatory cytokines, such as TNF-α, and enhanced 

oxidative stress induce an activation of NF-κB, which could be correlated with 

cardiovascular events. ROS have profound effects on the growth and migration of 

VSMCs, which are critically important in cardiovascular pathology and contribute 

to the vascular changes associated with hypertension, arteriosclerosis, and restenosis 

44
. A major source of ROS in vasculature is the NAD(P)H oxidase family which is 

distributed throughout the vessel wall 
25, 44-45

. Recent findings also suggest that 

PDGF plays a role in the generation of ROS.
42

 ROS has been shown to mediate the 

proliferative effects of many growth factors in VSMCs. Several studies have 

demonstrated that PDGF-BB can trigger intracellular oxidative stress
3, 43

, supporting 

the possibility that ROS may act as key mediator in the regulation of PDGF-BB-

induced VSMC proliferation. In fact, we observed that in cultured VSMCs, PDGF-

BB potently induced intracellular ROS production. Sal B pretreatment significantly 

attenuated the proliferation and migration induced by PDGF-BB through 

scavenging ROS production. These results suggest that reducing oxidative stress 

induced by PDGF-BB is essential to inhibit VSMC proliferation and migration by 

Sal B. In the present report, stimulation with PDGF-BB resulted in a great increase 
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in the amount of NAD(P)H oxidase compared with unstimulated cells (Figure 5C). 

Sal B also reduced PDGF-BB-induced NADP/NADPH level in a dose dependent 

manner in VSMC. These results are in line with recent study, in which, NAD(P)H 

oxidase is the major source of ROS, and PDGF-BB have been shown to activate the 

expression of NADPH oxidase components therefore contribute to generate ROS in 

VSMCs.
3
 AKT is known as the downstream components of PDGF signaling 

pathway. A number of receptor tyrosine kinases, including the receptors for PDGF-

BB, activate PI3K/AKT and ERK1/2 kinase, which are important in early 

intracellular mitogenic signal transduction for cell growth and survival. 
46

 These 

kinases have been implicated in VSMCs proliferation, cell cycle progression and 

cell survival. 
46-47

 The expressions of AKT kinase phosphorylation are increased by 

PDGF-BB, and Sal B inhibited PDGF-BB-induced phosphorylation of AKT (Figure 

7). These results supported the hypothesis that the inhibitory effects of Sal B on 

AKT activation can be effective to block PDGF-BB-stimulated VSMCs 

proliferation and migration. Our results indicate that the inhibition of AKT 

expression stimulated by PDGF-BB may be involved in the inhibition of VSMCs 

proliferation and migration by Sal B. However, the molecular mechanism of Sal B 

for the inhibition effect of VSMCs proliferation and migration was not still fully 

identified. Our finding are in line with recent study, in which AKT inhibitors have 

been widely used in treatment of hypertension and angina by exhibiting an array of 

beneficial effects in the cardiovascular system. 
48
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In the present report, consistent with the findings of Chen et al.
49

, we found that 

TNF-α treatment of cultured HUVECs induced VCAM-1, and ICAM-1, while Sal B 

treatment effectively blocked this. These findings are consistent with the hypothesis 

that endothelial dysfunction, such as disturbances in adhesion molecule expression, 

plays an important role in the pathogenesis of atherosclerosis. We also undertook to 

clarify the possible anti-inflammatory mechanisms by which Sal B inhibits the 

expression of VCAM-1 and ICAM-1. Our studies demonstrated that TNF-α 

activated NF-κB p65 nuclear translocation in HUVECs, suggesting that the up-

regulation of expression of adhesion molecules in response to TNF-α is mediated by 

this transcriptional factor (Figure 16). The translocation of the transcription factor, 

NF-κB, is involved in the signal transduction pathways for TNF-α-induced adhesion 

molecule expression. 
50

 NF-κB is expressed as a multiunit transcription factor that 

can be activated by diverse signals, possibly through phosphorylation of the IκB 

subunit. Its dissociation from the inactive cytoplasmic complex is followed by 

translocation of the active p50/p65 dimer to the nucleus. 
51

 In this study, TNF-α-

treated HUVECs were found to contain elevated levels of nuclear NF-κB p65. 

Expression of VCAM-1, ICAM-1, E-selectin, and NF-κB is upregulated in TNF-α-

stimulated HUVECs.
52

 Antioxidants, such as NAC and other cysteine derivatives, 

inhibit the NF-κB-driven transcription of HIV-1 and HIV-1 viral replication.
53

 In 

several immortalized cell lines, NF-κB is activated by diverse stimuli, such as TNF-

α, IL-1β, LPA, and PIC, and inhibited by the antioxidants, pyrolidine 
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dithiocarbamate and NAC.
54

 Our study demonstrates Sal B-sensitive inactivation of 

VCAM-1 and ICAM-1 expression and NF-κB activity in HUVECs. Taken together 

the experiment observations provide the inhibition of adhesion molecule expression 

by Sal B was at least in part mediated by the regulation of translocation and 

transactivation of NF-κB. This observation might have implications for the 

prevention and attenuation of inflammatory diseases. 

We also found that Sal B induced HO-1, leading to inhibiton of AKT 

phosphorylation in VSMCs and MAPK phosphorylation in HUVECs. HO-1, is an 

inducible enzyme by various stimuli such as cytokines and oxidants. Also it is the 

rate-limiting enzyme in the catabolism of heme into bilirubin, which exerts 

additional antioxidant effects.
55

 Overexpression of HO-1 in the arterial walls has 

been shown to reduce neointimal hyperplasia on animals with injury.
13

 The 

mechanism of HO-1 induction, by Sal B, was observed to be by ROS scavenging 

effect, which activated nuclear translocation of Nrf2, a transcription factor that 

binds to ARE of the HO-1 promoter region. We also demonstrated that Sal B 

treatment significantly inhibited proliferation and migration of VSMCs and 

inflammation of HUVECs. Such effects correlated with inhibited ROS generation or 

induction of Nrf2 and HO-1 in the injured vasculature of the Sal B-treated vascular 

cells. Finally, we confirmed that Nrf2 or HO-1 blocking blunted Sal B’s inhibitory 

action in vascular cells. In addition, transient transfection of Nrf2 siRNA into cells 

could downregulate endogenous Nrf2 and significantly inhibit Sal B-induced HO-1 
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protein expression, suggesting a critical role of Nrf2 in Sal B-induced HO-1 

expression in vascular cells.  

Several anti-inflammatory antioxidants suppress NF-κB signalling and activate the 

Nrf2-ARE pathway, suggesting that the suppression of NF-κB signalling and the 

activation of the Nrf2-ARE pathway may crosstalk with each other.
56-57

 Depending 

on the level of ROS, different redox-sensitive transcription factors are activated and 

distinct biological responses are cordinated. A low oxidative stress induces Nrf2, a 

transcription factor implicated in the transactivation of gene coding for antioxidant 

enzymes. An intermediate amount of ROS triggers an inflammatory response 

through the activation of NF-κB whereas a high level of oxidative stress induces 

perturbation of the mitochondrial permeability transition pore and disruption of the 

electron transfer, thereby resulting in apoptosis or necrosis.
58

 Nrf2-deficient mice, 

subjected to a moderately severe head injury, show a greater cerebral NF-κB 

activation compared with their wild-type Nrf2 counterparts while Nrf2 over 

expression suppresses NF-κB DNA binding activity.
59-60

In the present study, 

stimulation of vascular cells induced nuclear translocation of p65 NF-κB, but Sal B 

dose-dependently inhibited this and induced Nrf2 and HO-1. Our finding are in line 

with recent study in which, p65 protein levels, DNA-binding activity and promoter 

activity of NF-κB increase in Nrf2 overexpressed cells in the presence of curcumin, 

a polyphenolic compound that acts via Nrf2, suggesting that curcumin-activated 

Nrf2 modulates the expression and transactivation of NF-κB.
61
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HIF-1α has been implicated in the regulation of angiogenesis, cell survival and 

proliferation, cell motility and adhesion, glucose metabolism, vascular tone, and pH 

regulation.
62

 HIF-1α protein synthesis is regulated by the activation of the PI3K and 

the MAPK pathways by tyrosine kinases as well as by G protein-coupled 

receptors.
63

 Although a direct role for HIF-1α in regulating postischemic 

inflammation remains uncertain, HIF-1α has been shown to regulate enzyme 

systems that modulate inflammation. HIF-1α upregulates both HO-1 and NOS. 
64-65

 

CO and NO, produced by induction of HO-1 and NOS, respectively, exert 

downstream effects on enzyme systems known to regulate inflammation such as 

MAPK signaling pathways.
31

 In the present study, we observed significant 

induction of HO-1 expression in TNF-α-stimulated HUVECs (Figure 15). Several 

studies point to a critical cytoprotective and anti-inflammatory role for HO-1 

activity through overlapping pathway. These results suggest that Sal B inhibited 

TNF-α-induced inflammation in HUVECs by inducing HO-1 expression via HIF-1α 

pathway and ROS scavenging, suggesting that Sal B may be a promising agent to 

prevent atherosclerosis and restenosis. 
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Ⅴ. CONCLUSION 

 

Treatment with Sal B resulted in ROS-dependent, Nrf2-mediated, HO-1 expression 

followed by blocking AKT in proliferation and migration of VSMCs and MAPK in 

inflammation of HUVECs. All our results provided a basis for further study on the 

potential use of Sal B to prevent atherosclerosis and restenosis. 
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ABSTRACT (IN KOREAN) 

 

Salvianolic acid B 에 의해 유도된 heme oxygenase-1의 

ROS조절을 통한 혈관 평활근 세포의 증식과  

혈관 내피세포의 염증 반응 억제 효과  

 

<지도교수 이은직> 

 

 

연세대학교 대학원 의과학과 

 

이 현 정 

 

 

활성산소에 의해 유발된 혈관 내피세포의 기능장애와 혈관 

평활근 세포의 증식은 죽상 동맥경화증과 혈관 재흡착증의 주요 

기전으로 알려져 있고, 이는 손상된 혈관벽의 혈소판, 혈관 평활근 

세포와 혈관 내피세포에서 TNF-α와 같은 cytokine이나 PDGF와 

같은 성장인자를 포함하는 여러 인자에 의해 유발된다. 본 

연구자는 인형 제대정맥 내피세포와 흰쥐에서 분리한 혈관 평활근 

세포에서 염증과 세포증식 유도와 활성산소 증식에 관여하는 TNF-
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α 와 PDGF signaling pathway에 따라 잠재적인 항산화 물질로서 

단삼의 활성물질인 salvianolic acid (Sal B) 의 효과를 확인하고자 

한다. 흰쥐에서 분리한 혈관 평활근 세포에서 PDGF-BB에 의해 

유도된 세포의 증식과 이동, 그리고 증식된 세포 내 활성산소가 

Sal B 처리 농도 의존적으로 강력한 억제효과를 보였다. 또한 혈관 

평활근 세포에서 Sal B는 heme oxygenase-1 (HO-1) 단백질의 발현을 

강하게 보였고, 세포내 활성산소 발생을 억제하며, PDGF-BB로 인해 

유도된 AKT 인산화를 억제하였다. 혈관 평활근 세포에서 HO-1 

발현을 유발하는 Sal B의 작용기전은 활성산소와 직결되어 있고, 

이것은 nuclear factor E2-related factor-2 (Nrf2)의 세포 중 핵 내로의 

이동과 활성화에 따른다는 것이 증명되었다. 이렇게 Sal B에 의하여 

혈관 평활근 세포에서 발현이 증가된 Nrf2와 HO-1는 PDGF-BB로 

인해 활성화된 nuclear factor kappa-light-chain-enhancer of activated B 

cells (NF-κB)의 핵 안으로의 이동과 활성을 억제하는 효과를 

보였다. 인형 제대정맥 내피세포에서 역시 Sal B의 농도 의존적인 

강력한 HO-1의 발현이 확인되었고, 이것은 TNF-α에 의해 유도된 

활성산소 발생의 억제와 NF-κB의 활성억제 효과를 확인하였다. 

또한, Sal B에 의한 제대정맥 내피세포의 핵 안으로의 Nrf2 

단백질의 이동이 확인되었고, 이로 인한 MAPK의 인산화 또한 

억제된 것을 확인할 수 있었다. Sal B는 PDGF-BB로 유도된 혈관 

평활근 세포의 증식과 이동, 그리고 TNF-α로 유도된 제대정맥 
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내피세포의 염증 반응에서 HO-1 단백질 발현을 통한 Nrf2 기전의 

활성화와 활성산소 억제 효과를 통해 동맥 경화질병의 

치료약제로서의 효과를 보여주었다.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

핵심되는 말 : 제대정맥 내피세포, 혈관 평활근 세포,  

Salvianolic acid B, 활성 산소, HO-1, Nrf2 
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