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Cryptotanshinone inhibits TNF-a-induced early atherogenic
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Abstract Endothelial dysfunction has been implicated in

the pathogenesis of atherosclerosis. Salvia miltiorrhiza

(danshen) is a traditional Chinese medicine that has been

effectively used to treat cardiovascular disease. Cryp-

totanshinone (CTS), a major lipophilic compound isolated

from S. miltiorrhiza, has been reported to possess cardio-

protective effects. However, the anti-atherogenic effects of

CTS, particularly on tumor necrosis factor-a (TNF-a)-in-
duced endothelial cell activation, are still unclear. This

study aimed to determine the effect of CTS on TNF-a-
induced increased endothelial permeability, monocyte

adhesion, soluble intercellular adhesion molecule 1

(sICAM-1), soluble vascular cell adhesion molecule 1

(sVCAM-1), monocyte chemoattractant protein 1 (MCP-1)

and impaired nitric oxide production in human umbilical

vein endothelial cells (HUVECs), all of which are early

events occurring in atherogenesis. We showed that CTS

significantly suppressed TNF-a-induced increased

endothelial permeability, monocyte adhesion, sICAM-1,

sVCAM-1 and MCP-1, and restored nitric oxide produc-

tion. These observations suggest that CTS possesses anti-

inflammatory properties and could be a promising treat-

ment for the prevention of cytokine-induced early

atherogenesis.
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Introduction

Atherosclerosis is a chronic inflammatory disease character-

ized by narrowing of the blood vesselwalls, resulting from the

development of atherosclerotic plaque in the intima.

Endothelial dysfunction is now widely accepted as one of the

underlying mechanisms by which atherogenesis is initiated.

Increased endothelial permeability allows low-density

lipoprotein (LDL) to migrate through the endothelium and

become oxidized in the intima. Oxidized LDL (ox-LDL), a

primary trigger of atherogenesis, in turn activates monocytes

to secrete a variety of soluble factors, including pro-inflam-

matory cytokines suchas tumornecrosis factor-alpha (TNF-a)
and interleukins, which are considered as the secondary trig-

gers of atherogenesis [1]. TNF-a helps to perpetuate the

inflammatory process by causing an upregulation of cellular

adhesionmolecules, such as intercellular adhesionmolecule 1

(ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1),

promoting the adherence ofmonocytes to the endotheliumand

a subsequent migration of monocytes across the endothelium

[2]. Interestingly,monocytemigration can occur through both

the paracellular and transcellular pathways, although the latter

process is rare [3].

Previous studies have shown that the expression of

ICAM-1 and VCAM-1 was elevated in atherosclerotic

lesions isolated from both human and animal models [4, 5].

In addition, increased level of soluble form of adhesion

molecules in the plasma was found to correlate with the

occurrence of cardiovascular diseases including atheroscle-

rosis [5]. Besides, chemokines such as monocyte
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chemoattractant protein 1 (MCP-1) bind to their receptor

CCR2 and govern the recruitment and infiltration of mono-

cytes to the atherosclerotic lesions. TNF-a has also been

reported to reduce nitric oxide (NO) bioavailability, a key

factor in endothelial dysfunction, which is primarily due to

the inhibition of endothelial nitric oxide synthase (eNOS).

The downregulation of NO production has been reported to

cause destabilization of the endothelial barrier, enhance

expression of cellular adhesion molecules and chemokines,

and increase leukocyte adhesion [6]. Therefore, the

restoration of NO production can be used as a therapeutic

strategy to prevent the inflammatory process that occurs in

the early stages of atherosclerosis.

Salvia miltiorrhiza (danshen), a traditional Chinese

medicine, has beneficial effects in the circulatory system,

and is widely used in China and other Asian countries as a

therapeutic agent in the management of cardiovascular

diseases such as stroke, heart attack and angina pectoris. S.

miltiorrhiza has been found to promote blood flow, reduce

cerebral infarction, and to possess anti-atherosclerotic,

antihypertensive and anti-inflammatory properties [7].

Cryptotanshinone (CTS), a major tanshinone compound

derived from the dried root of S. miltiorrhiza, has been

reported to possess vasculoprotective [8] and anti-inflam-

matory effects [9, 10] and inhibit the development of

atherosclerotic lesions [11]. Our group previously reported

that CTS attenuated oxLDL-induced pre-lesional events of

atherosclerosis in human umbilical vein endothelial cells

(HUVECs) [12]. Similarly, a recent study has demonstrated

that CTS attenuated oxLDL-induced atherogenic events

through lectin-like oxLDL receptor 1 (LOX-1) pathway

[13]. However, there are no reports on how CTS improves

endothelial dysfunction induced by TNF-a, a secondary

stimulus of atherogenesis, which sustains the inflammatory

phenotype.

Therefore, the aim of this study was to examine the

effect of CTS on TNF-a-induced increases in endothelial

permeability, upregulation of sICAM-1 and sVCAM-1

protein secretion, increases in monocyte adhesion and

production of MCP-1, and attenuation of NO bioavail-

ability. We suggest that CTS exhibits anti-inflammatory

properties and thus might prevent the early atherogenic

events induced by TNF-a.

Materials and methods

Materials

CTS with a purity of 95.8 %, as determined by high-per-

formance liquid chromatography (HPLC), was purchased

from ChromaDex (Irvine, CA, USA). CTS was dissolved in

dimethyl sulfoxide (DMSO) to a final concentration of

10 mM and stored at -20 �C. M200 medium and low-serum

growth supplement (LSGS) kits were purchased from Cas-

cade Biologics (Portland, OR, USA). Antibiotics (5000 U/

mL penicillin and 5000 lg/mL streptomycin), amphotericin

B (0.25 lg/mL), fetal bovine serum (FBS), Roswell Park

Memorial Institute medium (RPMI)-1640 and Dulbecco’s

modified Eagle’s medium (DMEM) were purchased from

HyClone Laboratories (Logan, UT, USA). 20,70-bis-(2-Car-
boxyethyl)-5(6)-carboxyfluorescein acetoxymethyl ester

(BCECF-AM), bovine serum albumin (BSA) and trypsin/

ethylenediaminetetraacetic acid (EDTA) solution were pur-

chased from Sigma-Aldrich (St. Louis, MO, USA). Human

recombinant tumour necrosis factor-a (TNF-a) was pur-

chased from Calbiochem (Nottingham, UK).

Cell culture

HUVECs were purchased from Cascade Biologics and

grown in collagen type I-coated flasks. The cells were

nourished with M200 medium supplemented with LSGS

kit containing 2 % FBS, hydrocortisone, human epidermal

growth factor, basic fibroblast growth factor and heparin.

Cells from passages 2–6 were used in all the experiments.

The media was changed every 2 days until the cells reached

80 % confluence. U937 monocytic cells were purchased

from American Type Culture Collection (ATCC) and cul-

tured in RPMI-1640 supplemented with 10 % FBS, 4.5 g/L

glucose, sodium pyruvate (1 mmol/L), L-glutamine

(2 mmol/L), amphotericin B, streptomycin (50 lg/mL) and

penicillin (50 U/mL). The media was changed every two

days. The cells were maintained at a density of 5 9 105–

2 9 106 cells/mL and used for monocyte adhesion assay.

In vitro vascular permeability assay

The permeability of the HUVEC monolayer upon exposure

to TNF-a and CTS was determined using an in vitro vas-

cular permeability assay kit (EMD Millipore, Billerica,

MA, USA). The assay was carried out according to the

manufacturer’s protocol, with some modifications. Briefly,

HUVECs were grown onto collagen-coated cell culture

inserts for 72 h. CTS was added concurrently with TNF-a
(10 ng/mL) and incubated for 6 h, after which all the

treatments were replaced with 100 lL of fluorescein

isothiocyanate (FITC)-dextran (dilution 1:50) and incu-

bated for 5 min to allow the tracer to permeate across the

monolayer. The media was collected from the bottom

wells, and the fluorescence intensities were measured at an

excitation wavelength of 485 nm and an emission wave-

length of 530 nm using a fluorescence microplate reader

(Infinite 200; Tecan Group, Männedorf, Switzerland).

Results were expressed as permeability index (%) using the

formula reported by Maruo et al. [14].
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U937 monocyte adhesion assay

Quantitative monocyte adhesion assay was performed as

described previously [15]. U937 cells were labeled with

4 lM BCECF-AM/RPMI and incubated for 30 min at

37 �C in 5 % CO2. The cells were washed twice with

0.5 % BSA/PBS to remove excess dye after labeling. U937

monocytes were then resuspended in M200 media at a cell

density of 1 9 106 cells/mL.

HUVECs were grown to confluence in 96-well plates.

TNF-a and CTS were added concurrently to HUVECs for

6 h. All the treatments were then removed, and 100 lL of

BCECF-labeled monocytes was added and incubated for

1 h at 37 �C in 5 % CO2 to allow the binding process to

occur. Then, each well was washed twice with assay buffer

(0.5 % BSA in DMEM without phenol red, with Mg2? and

Ca2?) and once with PBS. The adhered monocytes were

lysed with 100 lL of 0.2 % Triton X-100/PBS. Fluores-

cence intensities were measured at 485-nm excitation and

530 nm emission using a fluorescence microplate reader

(Tecan Infinite 200). The results were expressed as a per-

centage compared to the control.

Concentration of soluble cellular adhesion molecules

The concentrations of sICAM-1 and sVCAM-1 were

quantified using a human sICAM-1 enzyme-linked

immunosorbent assay (ELISA) kit and a human sVCAM-1

ELISA kit (Bender MedSystems, Vienna, Austria),

respectively. HUVECs were grown to confluence in

24-well plates and incubated with TNF-a (10 ng/mL) in

the presence or absence of various concentrations of CTS

(1, 2.4, 5, 10 and 20 lM) for 6 h. The supernatant was

collected and stored at -20 �C for batch measurement of

the sICAM-1 and sVCAM-1 levels, according to the

manufacturer’s protocol. The absorbance for each well was

measured using a microplate reader (Tecan Infinite 200) at

a wavelength of 450 nm and a reference wavelength of

620 nm. Results were expressed as a percentage compared

to control.

Concentration of chemokine monocyte

chemoattractant protein 1 (MCP-1)

To evaluate the effect of CTS on TNF-a-induced increa-

ses in MCP-1 secretion, a human MCP-1 ELISA kit

(Becton Dickinson, East Rutherford, NJ, USA) was used.

HUVECs were seeded onto 24-well plates and grown until

confluent. HUVECs were incubated with TNF-a (10 ng/

mL) in the presence or absence of CTS for 6 h. Super-

natant was collected and stored at -20 �C for batch

measurement according to the manufacturer’s protocol.

The optical density for each well was read using a

microplate reader (Tecan Infinite 200) at a wavelength of

450 nm and corrected with a reference wavelength of

570 nm. Results were expressed as a percentage com-

pared to normal control.

Measurement of nitric oxide production

Total concentrations of nitrite (NO2
-) and nitrate (NO3

-)

in cell culture supernatant were measured using a nitrate/

nitrite fluorometric assay kit (Cayman Chemical Co., Ann

Arbor, MI, USA). HUVECs were seeded in 24-well plates

and grown until confluent. TNF-a and CTS were added

concurrently to HUVECs for 6 h. Supernatant was col-

lected for the measurement of total NO level, according to

the manufacturer’s protocol. The fluorescence intensities

were measured using a fluorescence microplate reader

(Tecan Infinite 200) with an excitation and an emission

wavelengths of 360 and 430 nm, respectively. Results are

expressed as a percentage compared to normal control.

Statistical analysis

All the data are expressed as the mean ± the standard error

of the mean (SEM) and analyzed using one-way analysis of

variance (ANOVA) with a post hoc analysis (Dunnett’s

test) for pairwise comparison. Statistical significance was

defined as p\ 0.05.

Results

CTS protects against endothelial barrier disruption

induced by TNF-a

The paracellular permeability of HUVECs to FITC-dex-

tran was examined using an in vitro vascular permeability

assay. As shown in Fig. 1, the incubation of HUVECs

with TNF-a (10 ng/mL) for 6 h showed an increase in

permeability index, from a basal permeability level of

2.75 ± 0.83 to 71.4 ± 7.57 %. The administration of

CTS at 2.5 lM resulted in significant suppression of the

permeability index, to 35.2 ± 7.96 % (p\ 0.05). Maxi-

mal inhibition of the permeability index was achieved

with 5 lM CTS, achieving a reduction to 27.75 ± 7.1 %

(p\ 0.05). CTS at a dose of 20 lM failed to produce

significant suppression of endothelial hyperpermeability.

A previous study by our group showed that application of

CTS 1–20 lM for 24 h did not reduce HUVEC viability

[12]. These results demonstrate that CTS protects against

endothelial hyperpermeability elicited by TNF-a, without
causing cell death.
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CTS suppresses TNF-a-induced increase in U937

monocyte adhesion

Upon exposure to TNF-a, endothelial cells express a

number of cell surface adhesion molecules, such as ICAM-

1 and VCAM-1, which facilitate circulating monocytes to

adhere to the endothelium before migrate to the intima

through diapedesis. Quantitative monocyte adhesion assay,

therefore, may reflect the surface expression of these cel-

lular adhesion molecules under different treatment condi-

tions. TNF-a (10 ng/mL) caused a significant increase in

adhesion of U937 monocytic cells, to 217.8 ± 14.34 % of

the control (Fig. 2). CTS at doses of 1, 2.5, 5, 10 and

20 lM reduced monocyte attachment to 176.4 ± 2.62,

167.8 ± 5.11, 150.3 ± 8.21, 130.3 ± 6.47 and

227.4 ± 4.60 %, respectively (p\ 0.05; Fig. 2), and thus a

dose-dependent effect of CTS was observed. As such, CTS

reduced the number of monocytes attached to HUVECs,

which might be due to the reduction in the surface

expression of cellular adhesion molecules.

CTS reduces sICAM-1 and sVCAM-1 levels in TNF-

a-treated HUVECs

Because the soluble forms of cellular adhesion molecules

are a biomarker for cardiovascular diseases, we were

interested in examining the effect of CTS on TNF-a-in-
duced increase in sICAM-1 and sVCAM-1. TNF-a (10 ng/

mL) significantly increased the concentration of sICAM-1,

to 275.8 ± 6.50 % of the control (Fig. 3a), and signifi-

cantly (p\ 0.05) inhibited the TNF-a-induced increase in

sICAM-1 protein secretion in a dose-dependent manner

(Fig. 3a). A dose of 20 lM CTS, the highest concentration

used in this study, suppressed the sICAM-1 level to

143.7 ± 1.37 % of the control. Moreover, TNF-a caused a

significant elevation in sVCAM-1 production, to

580.7 ± 36.59 % of the control (Fig. 3b). The increased

expression of sVCAM-1 was reduced by CTS in a dose-

dependent manner (2.5, 5, 10 and 20 lM), to

495.7 ± 13.72 %, 456.9 ± 13.34 %, 409.7 ± 11.73 %

and 359.1 ± 9.16 %, respectively (p\ 0.05; Fig. 3b).

However, 1 lM CTS did not significantly reduce the TNF-

a-induced higher sVCAM-1 level (568.5 ± 15.63 %,

p[ 0.05). Taken together, these results show that CTS

inhibits the increased production of sICAM-1 and sVCAM-

1 stimulated by TNF-a.

CTS decreases TNF-a-induced increase in MCP-1

level

It is well known that MCP-1 plays an important role in

mediating monocyte adhesion. To investigate the protective

effect of CTS against increased monocyte adhesion caused

by TNF-a, the production of MCP-1 was studied using an

ELISA assay.MCP-1 production was stimulated by TNF-a to
1283 ± 85.88 % of the control (Fig. 4). CTS applied at

concentrations of 1 lMand 2.5 lM reducedMCP-1 levels to

1130 ± 65.115 and 1089 ± 10.04 %, respectively, but these

data were not statistically different from those in the TNF-a-
treated group (Fig. 4). CTS at the higher concentrations of 10

and 20 lMshowed a significant inhibitory effect on theMCP-

1 level (729.3 ± 37.48 and 613.1 ± 64.36 %, respectively;

Fig. 1 Effect of CTS on TNF-a-induced increases in endothelial

permeability. CTS was incubated concurrently with TNF-a for 6 h.

Values indicate the permeability index. NC no cell, N non-induced,

C control. Values are expressed as the mean ± SEM from three

independent experiments. Hash (#) indicates significant difference

from the non-induced group, p\ 0.05. Asterisk (*) indicates signif-

icant difference from control, p\ 0.05

Fig. 2 Effect of CTS on TNF-a-induced increase in U937 monocytic

cells adhesion to HUVECs. N non-induced, C control. Values are

expressed as the mean ± SEM from three independent experiments.

Hash (#) indicates significant difference from non-induced group,

p\ 0.05. Asterisk (*) indicates significant different from the control,

p\ 0.05
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p\ 0.05; Fig. 4). A dose–response effect was observed.

These results indicate that CTS attenuates the secretion of

MCP-1 stimulated by TNF-a.

CTS restores TNF-a-impaired NO bioavailability

An alteration in the baseline NO level, either increasing or

decreasing NO production, was found to cause endothelial

dysfunction. TNF-a administered at 10 ng/mL for 6 h

reduced baseline NO to 24.17 ± 3.54 % of the control

(Fig. 5). CTS at all tested doses (1, 2.5, 5, 10 and 20 lM)

significantly increased NO from the reduced levels elicited

by TNF-a, in a dose-dependent manner, with near-

restoration of baseline NO level at a CTS dose of 20 lM
(97.3 ± 5.91 % of control, p\ 0.05; Fig. 5). Thus, CTS

prevented TNF-a-induced endothelial dysfunction by

restoring the attenuated NO production.

Discussion

The anti-atherosclerotic effects of CTS in vivo have been

reported previously [13], and the suppressive effects of

CTS on ox-LDL-induced early events of atherosclerosis

in vitro were demonstrated by our group as well. In this

study, we extended our previous work to examine how

Fig. 3 Effect of CTS on the TNF-a-induced sICAM-1 and sVCAM-1

protein secretions in HUVECs. CTS was incubated concurrently with

TNF-a for 6 h. a sICAM-1 expression; b sVCAM-1 expression.

Values are expressed as the mean ± SEM from three independent

experiments. Hash (#) indicates significant difference from the non-

induced group, p\ 0.05. Asterisk (*) indicates significant difference

from the control, p\ 0.05. N non-induced, C control

Fig. 4 Effect of CTS on TNF-a-induced increase in MCP-1 levels in

HUVECs. CTS was concurrently incubated with TNF-a for 6 h.

N non-induced, C control. Values are expressed as the mean ± SEM

from three independent experiments. Hash (#) indicates significant

difference from the non-induced group, p\ 0.05. Asterisk (*)

indicates significant difference from the control, p\ 0.05

Fig. 5 Effect of CTS on TNF-a-attenuated NO production in

HUVECs. N non-induced, C control. All values are expressed as

the mean ± SEM from three independent experiments. Hash (#)

indicates significant difference from the non-induced group, p\ 0.05.

Asterisk (*) indicates significant difference from the control, p\ 0.05
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CTS protects against endothelial dysfunction elicited by

TNF-a, a secondary trigger in early atherogenesis. It is

worth mentioning that, to date, no studies have investigated

the effects of CTS on TNF-a-induced endothelial barrier

disruption, increased monocyte adhesion and increased

production of MCP-1, sICAM-1 and sVCAM-1. In the

current study, we showed that CTS inhibited TNF-a-in-
duced increased permeability, increased monocyte adhe-

sion and elevated production of sICAM-1 and sVCAM-1,

as well as MCP-1. In addition, CTS restored TNF-a-at-
tenuated NO bioavailability.

While we had previously reported the suppressive effect

of CTS on ox-LDL-induced enhanced permeability of

HUVECs [12], the question of whether CTS would

improve TNF-a-impaired endothelial barrier integrity

remained to be investigated. In the present study, we sug-

gest that CTS protects against TNF-a-induced barrier dis-

ruption by suppressing the passage of FITC-dextran across

the endothelial monolayer. The two bioactive compounds

of Salvia miltiorrhiza, danshensu and salvianolic acid B,

have also been shown to reduce the permeability of BSA in

TNF-a-treated HUVECs [16], and our data strongly sug-

gest that CTS contributes to the barrier protective effect of

S. miltiorrhiza as well.

Researchers have shown that CTS undergoes dehy-

drogenation and is rapidly converted into its metabolites,

including tanshinone IIA [17]. The maximum plasma

concentration (Cmax) of CTS in rats after single oral

administration of 100 mg/kg of cryptotanshinone was

approximately 303 nM [18]. Although the concentrations

used in this study (1, 2.5, 5, 10 and 20 lM) are much

higher than the concentration found in rat plasma, we

cannot exclude the possibility that higher doses are nee-

ded, as in vitro experiments are usually confined to short

incubation periods such as 24 h. Chronic treatment of

CTS in animal models up to several weeks or months

may result in the accumulation of CTS and its metabolites

in the plasma. A recent study found that oral adminis-

tration of 15 mg/kg of CTS for 22 weeks inhibited

atherosclerotic plaque formation in apolipoprotein E-de-

ficient mice through a reduction in the expression of

lectin-like oxLDL receptor 1 (LOX-1) and generation of

reactive oxygen species (ROS) [13]. These data indicate

that chronic relatively low-dose treatment (15 mg/kg) is

required for CTS to exert an anti-atherogenic effect in

animal models. For in vitro experiments, these authors

used doses (2.5, 5 and 10 lM) of CTS similar to those in

the present study to treat ox-LDL-stimulated HUVECs.

These doses were effective in suppressing oxLDL-induced

increased monocyte adhesion and increased expression of

both ICAM-1 and VCAM-1. In line with this earlier

study, we demonstrated a protective effect of CTS against

endothelial dysfunction through inhibition of increased

monocyte adherence and increased production of sICAM-

1 and sVCAM-1 elicited by TNF-a.
The cleavage of cellular adhesion molecules by sheddase

is an event that occurs during endothelial activation, and as a

consequence, circulating adhesion molecule levels are ele-

vated in the plasma. Increased levels of sICAM-1 and

sVCAM-1 are significantly correlated with the angiographic

severity of atherosclerosis and plaque instability [19].

Therefore, the soluble form of adhesion molecules such as

sICAM-1 and sVCAM-1 serves as an important biomarker

for endothelial activation and cardiovascular risk factors in

clinical practice. In this study, the reduction of sICAM-1 and

sVCAM-1 production by CTS provides evidence to support

its use as a potential cardioprotective agent.

Increased expression of MCP-1 can be found in

atherosclerotic plaque, which facilitates the accumulation of

monocytes in the lesion [20]. Previous studies have demon-

strated that leukocyte–endothelial interaction stimulates the

release ofMCP-1 fromendothelial cells, resulting in enhanced

expression of surface adhesion molecules, which then further

promotes the firm adhesion of leukocytes to endothelial cells

[21]. Thus, it is clear that leukocyte–endothelial interaction is

driven by overlapping inflammatory events that occur in

parallel rather than sequentially. CTS has been shown to

reduce TNF-a-increased ICAM-1 and VCAM-1 levels [9],

but whether this leads to the suppression of monocyte adhe-

sion has yet to be explored. Our data show that CTS decreased

TNF-a-induced monocyte adhesion on HUVECs andMCP-1

production in a concentration-dependent manner. Therefore,

we suggest that CTS reduces the attachment of monocytes to

the endotheliumand that thismay occur through the inhibition

of MCP-1 expression, in addition to the suppressed ICAM-1

and VCAM-1 expression.

NO is a pleiotropic molecule produced at low levels by

endothelial cells. Apart from its role as an important sig-

naling molecule in neurotransmission, NO also regulates

vascular tone, platelet activity and vascular smooth muscle

cell proliferation. NO is central to endothelial dysfunction

in early atherogenesis, where overproduction or reduced

synthesis of NO is regarded as harmful to normal vascular

function. Previous studies have reported that NO exerts its

anti-atherogenic effect through the inhibition of MCP-1

[22], cellular adhesion molecule expression, platelet

aggregation and leukocyte adhesion [23]. A decrease in NO

production or activity causes enhanced permeability of

endothelial cells and monocyte attachment to the

endothelium, the latter of which is mediated through ele-

vated expression of surface adhesion molecules. Therefore,

NO donors, such as nicorandil and sydnonimines, or drugs

that can increase the bioavailability of NO, such as statins,

angiotensin-converting enzyme inhibitors and L-arginine,

are used as therapeutic agents in clinical practice to prevent

atherosclerosis [24]. Nitric oxide synthases (NOS) are
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enzymes that catalyze the conversion of L-arginine to NO,

and their expression levels and activities are important for

NO production. There are three types of NOS: endothelial

NOS (eNOS), neuronal NOS (nNOS) and inducible NOS

(iNOS). Among these, eNOS and iNOS are commonly

present in endothelial cells. Importantly, iNOS is expressed

in response to inflammatory stimuli such as cytokines, and

stimulates excess production of NO during the inflamma-

tory response [25]. TNF-a has been found to up-regulate

the expression of iNOS, leading to increased NO produc-

tion, regardless of the cell type [26]. Surprisingly, our data

showed that HUVECs exposed to 10 ng/mL of TNF-a for

6 h had lower NO levels than those in an unstimulated

group. It is important to highlight that data published on

TNF-a-induced NO level and iNOS expression remain

controversial. It appears that TNF-a-induced iNOS

expression is influenced by various experimental condi-

tions, including cell type used, concentration and exposure

time of TNF-a, and oxygen availability [27, 28]. It is

possible, therefore, that under our experimental conditions,

iNOS expression was not altered by TNF-a. We found that

CTS restored TNF-a-impaired NO level, from

24.17 ± 3.54 % to 95.03 ± 3.56 % of the control. How-

ever, the mechanism by which NO regulates CTS-attenu-

ated increased permeability, monocyte adhesion, and

sICAM-1, sVCAM-1 and MCP-1 production remains to be

elucidated. An earlier study demonstrated that the

restoration of NO bioavailability by CTS may involve

upregulation of eNOS [29].

In conclusion, here we report that CTS exhibits anti-

inflammatory effects through suppression of TNF-a-in-
duced early atherogenic events in HUVECs. In addition,

CTS protects against endothelial dysfunction through the

restoration of NO production that has been reduced by

TNF-a. Our data enrich the current scientific findings on

CTS and support the use of S. miltiorrhiza in treating

cardiovascular diseases such as atherosclerosis. However,

future studies are needed to elucidate the signaling path-

ways that underlie the anti-atherogenic effect of CTS.
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