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Abstract

Aim: To determine whether curcumin prevents the adhesion of platelets to brain

microvascular endothelial cells (BMECs) cultured in vitro.  Methods: [3H]Ad-

enine-labeled platelets were incubated with BMECs to investigate the role of

curcumin in the adhesion of platelets to BMECs.  The number of platelets adher-

ing to the BMECs monolayer was determined by liquid scintillation spectroscopy.

The thrombin-induced expression of platelets P-selectin, glycoprotein IIb (GPIIb),

and glycoprotein IIIa (GPIIIa) on the cell surface, was measured by flow cytometry.

P-selectin mRNA levels of BMECs were determined by RT–PCR.  The TNF-α-

induced expressions of P-selectin and E-selectin on the surface of BMECs were

determined by Western blotting.  Results: The adhesion between thrombin-acti-

vated platelets and normal BMECs, and that of TNF-α-activated BMECs and

normal platelets were significantly increased, and this increase could be inhibited

by curcumin (30–240 µmol/L) in a concentration-dependant manner.  The platelets

activated with thrombin and BMECs stimulated by TNF-α demonstrated an

upregulated expressions of P-selectin and E-selectin, and this increase, when

pretreated with curcumin for 30 min, could be restrained dose dependently.

Curcumin also inhibited the increase of the GPIIb/GPIIIa expression of thrombin-

activated platelets in a concentration-dependent manner.  Conclusion: Curcumin

can inhibit the platelets to BMECs.  This effect may be related to the decreased

expressions of P-selectin, E-selectin, and GPIIb/GPIIIa on platelets and BMECs.
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Introduction

Endothelial dysfunction is a key initiating event in the

etiology of vascular diseases and has been linked to the

pathogenesis of stroke.   Ischemic stroke is thought to be

the product of atherogenesis, thrombosis, and brain infarc-

tion[1].  Under normal physiological circumstances, rest-

ing endothelial cells generate an active antithrombotic

surface[2].  The other important function of the normal mi-

crovasculature is to prevent the adhesion of platelets and

subsequent formation of microthrombi, which can lead to

impaired tissue perfusion.  Endothelial cells help create this

antithrombogenic surface by producing platelet inactivators

(eg prostacyclin)[3].  Although the pathophysiological con-

sequences of activated platelets in circulation are not yet

fully understood, it is well established that increased plate-

let activation is associated with an enhanced risk of throm-

botic complications in clinical disorders, such as stroke.

Because activated, but not resting, platelets have been shown

to adhere to the intact endothelium, it has been suggested

that platelet thrombi may also occur in the absence of endot-

helial cell denudation, particularly in the microvasculature.

However, while the platelet receptors involved in aggregate

formation and matrix adhesion have been studied extensively,

the pathways responsible for the interaction of platelets and

the endothelium are not well characterized.

Curcumin, the major yellow pigment extracted from tur-

meric (the powdered rhizome of the herb Curcuma longa),

has been used in indigenous medicine to treat a variety of
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inflammatory conditions and chronic diseases and is com-

monly used as a coloring and flavoring additive in foods.

Epidemiological studies have raised the possibility that this

molecule, used by the Asian/Indian population, plays a part

in the significantly lower prevalence of Alzheimer’s disease

in India compared to the USA (4.4 fold)[4].  Recent studies

indicate that the dietary administration of curcumin may

have beneficial effects in conditions, such as Alzheimer’s

disease[5].  Some results also support curcumin’s potential

for use in the treatment of neurodegenerative diseases[6].

Moreover, curcumin was found to protect the rat forebrain

against ischemia/reperfusion (I/R) insult[7] and to prevent

cerebral I/R injury by protecting blood–brain barrier integ-

rity[8].  To investigate whether curcumin can protect the

physiological function of platelets and endothelial cells, we

tested their influence on the adhesion of platelets to cul-

tured brain microvascular endothelial cells (BMECs).

Materials and methods

Reagents  Curcumin and MCDB 131 were from Sigma–

Aldrich (St Louis, MO, USA).  TNF-α, thrombin, and the

endothelial cell growth supplement (ECGS) were obtained

from Sigma (USA).  Fetal bovine serum, trypsin–versene

mixture, penicillin–streptomycin, and L-glutamine were from

Sangon (Shanghai).  [3H]Adenine (25 Ci/mmol; 1 Ci=37 GBq)

was purchased from Amersham (Minneapolis, MN, USA).

P-selectin, glycoprotein IIb (GPIIb)/glycoprotein IIa (GPIIIa)

monoclonal antibodies (mAb) were supplied by the Depart-

ment of Immunity, Suzhou University Medical College

(Suzhou, China).  E-selectin was from Sigma–Aldrich (USA).

Immunoglobulin G (IgG)–fluorescein isothiocyanate was

from Immunotech (France).

Culture of BMECs  Primary cultures of cerebral endothe-

lial cells were prepared and characterized as previously de-

scribed[9].  Wistar neonate rats (~5 d old) were killed by cer-

vical dislocation, and the brains were rapidly removed and

placed in prechilled phosphate-buffered saline (PBS).  The

cerebral cortexes were finely minced, to filter by 200 mesh

(pore diameter 120 µm).  The pellet containing the microvessels

was washed twice in prechilled Hanks’ solution, and then

incubated in 0.1% collagenase solution at 37 °C for 20 min in

a shaking water bath.  After incubation, 20% bovine serum

MCDB 131 was added to the homogenate and centrifuged at

800 r/min for 3 min.  The cell suspension was carefully seeded

onto polylysine collagen-coated, 35 mm plastic dishes in

MCDB 131 culture medium.  The medium contained 20% (v/v)

heat-inactivated fetal calf serum (FCS), 100 kU·L–1

benzylpenicillin, 100 mg·L–1 streptomycin, 2 mmol/L L-

glutamine, 40 µg/mL ECGS, and 15 U/mL heparin, and main-

tained at 37 °C in humidified 95% air and 5% CO2.  The me-

dium was changed approximately every 23 d.  Confluent

BMECs were obtained after approximately 57 d.  Endothelial

cell identity was verified by morphology and by positive

staining for factor VIII-related Ag.

Preparation of platelets  The washed platelets were pre-

pared from platelet-rich plasma (PRP) by the single centri-

fuging and dilution procedure described by Fontana et al[10].

Briefly, blood was taken from the inferior caval vein of healthy

rats not taking any medication, and directly added into 3.8%

sodium citrate (1:9 v/v blood), followed by centrifugation at

250 r/min for 10 min.  The upper tier was the PRP, which was

collected by centrifugation at 3000 r/min for 10 min.  Then

the platelets were washed and resuspended in Tyrode’s

buffer (in mmol: 2.6 KCl, 4 MgCl2·6H2O, 135 NaCl, 12 NaHCO3,

0.42 NaH2PO4, 5 glucose, and 0.25% FCS, pH 7.4).  The plate-

let concentrations were adjusted to 1×109/L.

Adhesion assay of platelets and BMECs  The platelets

were labeled with [3H]adenine, as described earlier[11–13].  To

investigate platelet adhesion on endothelial cells, the plate-

lets were then labeled by incubation with 10 µCi/mL [3H]

adenine for 30 min at 37 °C.  The unlabeled isotope was

washed 3 times with Tyrode’s buffer.  The labeled platelets

were adjusted to 1×1010·L–1 and used for the adhesion test.

The BMECs were grown until confluence on precoated 96-

well plates.  Then the labeled platelets were added to the

BMECs.  The adherent platelets were solubilized with 1%

Triton X-100 (200 µL/well).  Solubilized contents of each well

were transferred to scintillation vials, and [3H]adenine was

counted by liquid scintillation.  Platelet adhesion, measured

as [3H]adenine present in each well, was expressed as a per-

centage of the total [3H]adenine that had been added to each

well.  Because platelet adhesion was measured in a static

system without stirring, the platelets did not aggregate dur-

ing the adhesion experiments.  The adherence rate was cal-

culated as follows: Adherence rate (%)=bound platelets DPM/

total platelets DPM×100.

1 Ci=3.7×1010 DPS=2.22×1012 DPM.

Curcumin pretreatment of BMECs  Curcumin (30–240

µmol/L) was added to the BMECs and incubated at 37 °C for

30 min.  Then 10 ng/mL TNF-α was added for 24 h.  The con-

trol cells received only the complete medium without TNF-α.

Before the labeled platelets were added, the BMECs were

washed 3 times with Tyrode’s buffer, and the platelets were

suspended in Tyrode’s buffer at a concentration of  1×109·L–1.

The labeled platelets (100 µL per well) were then added and

incubated for 30 min.

Curcumin–pretreated activated platelets  Curcumin (30–

240 µmol/L) was added to the platelets, which were labeled
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by [3H]adenine, and incubated at 37 °C for 30 min.  Then 2 U/mL

thrombin was added for 30 min.  The control cells were re-

ceived from the complete medium without thrombin.  The

pretreatment platelets were then added to the BMECs (96-

well plate, 1×108 per well) and continued to culture at 37 °C

for 30 min.

After washing out the unincorporated platelets, each well

was treated with 3% NaNO3 (100 µL, dissolved in 0.1% NaOH)

for 20 min.  Lysates were collected, and radioactivity of each

well was determined by Beckman liquid scintillation

spectroscopy.  All samples were performed in triplicate.

Semiquantitative RT–PCR  The BMECs were cultured

in a 6-well plate until confluence.  Curcumin (30–240 µmol/L)

was added to the BMECs and incubated at 37 °C for 30 min.

Then 2 U/mL thrombin was added (but not to the control

group), cocultivated with BMECs for 30 min, and then RNA

was extracted.  The cells were washed twice with cold PBS

and total RNA was isolated by TRI reagent.  Briefly, the cells

were harvested and treated with 1 mL TRI reagent for 5 min

at room temperature and then centrifuged at 12 000 r/min for

15 min at 4 °C.  The aqueous portion containing RNA was

transferred to another RNAase-free Eppendorf tube, and 0.5

mL isopronol was added and incubated for 10 min at room

temperature, followed by the precipitation of total RNA with

centrifugation at 12 000 r/min at 4 °C for 10 min.  The pellet

was then washed twice with 75% ethanol, dried at room tem-

perature on ice for 5 min, and the total RNA pellet was dis-

solved in 20 µL H2O.

GAPDH was used as an internal control.  Aliquots of the

RT reaction were amplified with the rat P-selectin and GAPDH

primers shown in Table 1.

RT reaction system (40 µµµµL)  The RT reaction system

consisted of 5×4 µL buffer solution, 4 µL dNTP (10 mmol/L),

4 µL (15 mmol/L) MgCl2, 2 µL random primer, 1 µL M-MLV

Temin enzyme, cDNA, 10 µL production, and 15 µL DEPC.

The reaction conditions were as follows: 94 °C for 5 min, 37 °C

for 60 min, and 72 °C for 10 min.

PCR (P-selectin) reaction system (50 µµµµL)  The PCR (P-

selectin) reaction system consisted of 10×5 µL buffer

solution, 5 µL (10 mmol/L) dNTP, 5 µL (15 mmol/L) MgCl2,

2 µL P-selectin (forward), 2 µL P-selectin (reverse), 2 µL

GAPDH (sense), 2 µL GAPDH (antisense), 1 µL Taq enzyme,

which were added to ddH2O.  The reaction conditions were

as follows: 94 °C 5min, then 35 cycles of 94 °C for 30 s, 56 °C

for 30 s, 72 °C 30 s, and a final extension at 72 °C for 7 min.

Products were separated by electrophoresis gels stained

with ethidium bromide, illuminated with UV light, and measured

by quantitative scanning densitometry of autoradiographs.  All

measurements of the P-selectin mRNA expression are reported

as a ratio of optical density of the P-selectin and GAPDH

bands calculated for each experimental sample, in which both

P-selectin and GAPDH were measured in parallel.  Prelimi-

nary experiments in which we repeated the PCR analysis on

the same sample (during the determination of the optimal

number of PCR cycles) showed a measurement variability of

laser microscopy.

Flow cytometry detection expressions of P-selectin and

GPIIb/GPIIIa on the activation of platelets  The blood plate-

let suspension was incubated with curcumin (30–240 µmol/L)

for 30 min (each sample contained 1×106 platelets), followed

by activation with 2 U/mL thrombin for 30 min.  Confluent

BMECs treated with curcumin and thrombin as described

earlier were detached from the plate (6-well plate) by PBS/

EDTA (5 mmol/L).  The cells were washed with MCDB 131

plus 20% FCS.  The platelets were stained with anti-P-selectin

mAb, GPIIb/GPIIIa mAb followed by fluorescein-conjugated

goat antimouse IgG.  A cell immunofluorescence analysis

was performed with an EPICS XL cytofluorimeter (Coulter,

USA).  Five thousand cells were analyzed for each experiment.

Flow cytometry detection of P-selectin expression on

BMECs  BMECs were cultured in a 6-well plate until

confluence.  Curcumin (30–240 µmol/L) was added to the

BMECs and incubated at 37 °C for 30 min, then 10 ng/mL

TNF-α was added for 24 h (but not for the control group).

Confluent BMECs treated with curcumin were detached from

the plate (6-well plate) by PBS/EDTA (5 mmol/L).  The cells

were washed with MCDB 131 plus 20% FCS.  BMECs were

stained with anti-P-selectin mAb followed by fluorescein-

conjugated goat antimouse IgG.  A cell immunofluorescence

analysis was performed with an EPICS XL cytofluorimeter.

Table 1.  Primers used for the RT–PCR analysis of BMECs.

Molecule                                  Sequence Size of PCR product

P-selectin Forward: 5'-GCACGCATTGTGTTACACAG-3' 461 bp

P-selectin Reverse: 5'-CTGTGCATTGCACCACTTCC-3'

GAPDH Forward:5'-TGATGACATCAAGAAGGTGGTGAAG-3' 240 bp

GAPDH Reverse: 5'-TCCTTGGAGGCCATGTGGGCCAT-3'
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Five thousand cells were analyzed for each experiment.

Western blot analysis of E-selectin expression  BMECs

were cultured in a 6-well plate until confluence.  Curcumin

(30–240 µmol/L) was added to the BMECs and incubated at

37 °C for 30 min, then 10 ng/mL TNF-α was added for 4 h (but

not to the control group).  Confluent BMECs treated with

curcumin were detached from the plate (6-well plate) by PBS/

EDTA (5 mmol·L–1).  The cells were washed 3 times with cold

PBS, lysed with lysis buffer (25 mmol/L Tris-HCl, pH 7.4, 0.15

mol/L NaCl, and 1% Triton X-100), and complete protease

inhibitor cocktail (Roche) , and then placed on a shaker at 4 °C

for 1 h.  After centrifugation at 12 000 r/min for 10 min, the

protein concentration of the supernatant was measured by

the Bio-Rad protein assay (Bio-Rad Laboratories, Inc, USA).

Proteins (40 µg) were separated by 10% SDS–PAGE.  The

proteins were transferred to nitrocellulose membranes, and

immunoblots were blocked with blocking buffer (5% non-fat

milk, 10 mmol/L Tris, pH 7.5, 100 mmol/L NaCl, and 0.1%

Tween-20) at room temperature for 1 h.  CD62E was detected

at dilution of 1:100 of the monoclonal mouse antihuman

CD62E antibody and incubated overnight at 4 °C.  Then the

membrane was washed by TBS-T (1×Tris-buffered saline and

1% Tween-20) 3 times for 5 min.  The second antibody (at a

dilution of 1:5000) was incubated at room temperature for 2 h.

Immunoreactivity was detected with enhanced chemilumi-

nescent autoradiography (ECL kit, Amersham, Arlington

Heights, IL, USA) according to the manufacturer’s instructions.

Statistics analysis  Pooled data were analyzed using

Microsoft Excel.  All values were expressed as mean±SD and

compared with the t-test.

Results

Curcumin inhibits the activation of platelet adhesion to

BMECs  To determine whether curcumin can affect the physi-

ological function of platelets, we tested their influence on

the adhesion of platelets to cultured endothelial cells.  The

platelet adhesion was induced by thrombin-stimulated plate-

lets onto BMECs.  Platelet treatment with thrombin resulted

in an increased basal adhesion of platelets to BMECs.  In the

adhesion experiments, the pretreatment of platelets with 60

µmol/L curcumin for 30 min inhibited platelet adhesion to

BMECs by 24.03%±2.19% (n=6, P<0.01).  This was a dose-

dependent effect that reached significant levels at a dose of

240 µmol/L (15.81%±1.37%, n=6, P<0.01; Table 2; Figure 1).

Curcumin inhibits platelet adhesion to TNF-αααα-activated

BMECs  TNF-α-stimulated endothelial cells promoted ad-

herent and labeled platelets, the rate of adhesion reaching

17.92%.  For the control group without TNF-α, the rate of

adhesion was only 8.69%.  The pretreatment of TNF-α-acti-

vated BMECs with 60 µmol/L curcumin for 30 min inhibited

platelet adhesion to BMECs by 11.95%±1.06% (n=6, P<0.01).

This was a dose-dependent effect that reached significant

levels at a dose of 240 µmol/L (9.36±0.42%, n=6, P<0.01; Table

3; Figure 2).

Curcumin inhibits P-selectin and GPIIb/GPIIIa(CD41/

CD61) expressions in the activation of platelets  As previ-

ously demonstrated, flow cytometry is a very sensitive and

accurate method to measure the heterotypic adhesion of

platelets.  Its use allowed us to exclude the involvement of

matrix proteins in the adhesive interaction.  The fluorescence-

activated cell sorter (FACS) analysis demonstrated that the

fluorescence associated with unstimulated platelets was not

different from the background fluorescence of washed plate-

lets alone.  The treatment of platelets with 2 U/mL thrombin

for 30 min resulted in a marked increase of P-selectin and

GPIIb/GPIIIa expressions in the mean fluorescence intensity

of the total platelet population.  The pre-incubation of plate-

lets with curcumin (30–240 µmol/L) for 30 min reduced throm-

bin-induced P-selectin and GPIIb/GPIIIa expressions in a

concentration-dependent manner (P<0.05; Figures 3,4).

Curcumin inhibits P-selectin expression on TNF-αααα-ac-

tivated BMECs  The treatment of  BMECs with 10 ng/mL

TNF-α for 24 h resulted in a marked increase of P-selectin

expression.  In the control group without TNF-α treatment,

Table 2.  Effect of curcumin on the adhesion of platelets to BMECs by liquid scintillation spectroscopy.  n=6.  Mean±SD.  cP<0.01 vs control.
eP<0.05, fP<0.01 vs 2 U/mL thrombin.

                     Groups          DPM Adherence rate

Control                                                                                        6851.77±957.04 13.86±1.95

Thrombin 2 (U/mL) 14914.73±1144.29c 30.31±2.33c

Thrombin+curcumin (30 µmol/L) 13497.50±1207.19 27.42±2.46

Thrombin+curcumin (60 µmol/L) 11836.30±1074.48e 24.03±2.19e

Thrombin+curcumin (120 µmol/L) 10537.43±1704.50e 21.38±3.48e

Thrombin+curcumin (240 µmol/L)                                               7807.17±672.17f 15.81±1.37 f
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BMECs had much lower P-selectin expression as compared

to other types of cells.  The pretreatment of BMECs with

curcumin (30–240 µmol/L) for 30 min reduced TNF-α-induced

P-selectin expression in a concentration-dependent manner

(P<0.01; Figure 5).

Curcumin inhibits P-selectin mRNA expression on ac-

tivated BMECs  The P-selectin mRNA levels of BMECs were

determined by RT–PCR.  In the control group without TNF-α

treatment, BMECs had a much lower P-selectin expression

compared to other types of cells.  Thus TNF-α significantly

enhances the P-selectin mRNA expression in endothelial

cells.  In response to the concentration-dependent treatment

of curcumin, the P-selectin mRNA expression, as normalized

with GAPDH mRNA, dramatically decreased (Figure 6A).

Compared to the controls (100%), P-selectin mRNA levels were

inhibited with the treatment of curcumin (30–240 µmol/L)

(Figure 6B).

Curcumin inhibits the expression of the E-selectin on

activated BMECs  E-selectin levels of BMECs were deter-

mined by Western blotting.  In the control group without

TNF-α treatment, BMECs had a much lower E-selectin ex-

pression compared to other types of cells.  Thus TNF-α sig-

nificantly enhances the E-selectin expression in endothelial

cells.  In response to the concentration-dependent treatment

of curcumin, the E-selectin expression dramatically

decreased.  Compared to the controls (100%), E-selectin lev-

els were inhibited with the treatment of curcumin (30–240

µmol/L), representing reductions, respectively (Figure 7).

Discussion

The interaction between platelets and endothelial cells

plays a crucial role in the dysfunction and pathogenesis of

cerebrovascular diseases, such as stroke.  When a blood

vessel is injured, the adhesion of circulating platelets to the

site of damage occurs rapidly.  The repair of endothelial cell

dysfunction is very important to maintain the normal vascu-

lar tone and biological function.  The understanding and

illustration of endothelial dysfunction will indicate a new

Figure 1.  [3H]-Adeninel labeled platelets were incubated with BMECs

to investigate the role of curcumin in adhesion of platelets to ECs.

The number of platelets adhering to the BMECs monlayer was deter-

mined by liquid scintillation spectroscopy.  n=6.  Mean±SD.  cP<0.01

vs Control; eP<0.05, fP<0.01 vs Thrombin 2 U/mL.

Figure 2.  [3H]-Adenine labeled platelets were incubated with BMECs

to investigate the role of curcumin in adhesion of platelets to BMECs.

The number of platelets adhering to the BMECs monlayer was deter-

mined by liquid scintillation spectroscopy.  n=6.  Mean±SD.  bP<0.05

vs control.  eP<0.05 vs TNF-α 10 ng/mL.

Table 3.  Effect of curcumin on the adhesion of platelet to BMECs by liquid scintillation spectroscopy.  n=6.  Mean±SD.  cP<0.01 vs control.
eP<0.05 vs 10 ng/mL TNF-α.

                   Groups        DPM Adherence rate

Control                                                                                   4315.75±328.59                                                   8.690.67

TNF-α (10 ng/mL)                                                                 8842.30±30.26c 17.92±0.06c

TNF-α+curcumin (30 µmol/L)                                                7106.60±1164.18 14.38±2.38

TNF-α+curcumin (60 µmol/L) 5915.75±519.94e 11.95±1.06e

TNF-α+curcumin (120 µmol/L) 5181.13±278.60e 10.45±0.57e

TNF-α+curcumin (240 µmol/L) 4646.35±206.97e 9.36±0.42e
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direction to the treatment of cerebrovascular diseases.  Ad-

herent molecules play an important role in the pathophysi-

ological processes of inflammatory reaction and thrombosis.

The selectin family is closely associated with cerebrovascu-

lar diseases.  Studies have revealed that platelets, like

leukocytes, can roll along and firmly adhere to the venular

endothelium.  Furthermore, a variety of different adherent

glycoproteins, expressed on the surface of platelets and/or

endothelial cells, have been implicated in platelet-endothe-

lial cell adhesion within venules, including P-selectin and

GPIIb/GPIIIa[14].  We know that P-selectin is a transmem-

brane glycoprotein expressed on the activated vascular en-

dothelium and that GPIIb and GPIIIa are expressed on acti-

Figure 3.  The expression of platelets P-selectin was measured by

flow cytometry.  Curcumin (30~240 µmol/L) inhibited the expres-

sion of P-selectin.  n=6.  Mean±SD.  cP<0.01 vs Control.  eP<0.05 vs

Thrombin 2 U/mL.

Figure 4.  Thrombin induced expression of platelets GPIIb/GPIIIa

(CD41/CD61) was measured by flow cytometry.  Curcumin (30~240

µmol/L) inhibited the expression of GPIIb/GPIIIa.  n=6.  Mean±SD.
bP<0.05, cP<0.01 vs Control.  eP<0.05, fP<0.01 vs Thrombin 2 U/mL.

Figure 5 .  Analysis of expression of adhesion molecules by fluores-

cence-activated cell  sorter  (FACS).  BMECs were cultured until

confluence, washed, and incubated in medium alone to determine

basal expression (control) or medium containing TNF-α 10 ng/mL

for 24 h to P-selectin expression.  After detachment of BMECs by

0.25% trypsinization, cells were incubated in the presence of mono-

clonal antibodies specific for P-selectin and binding, was detected

using.  Curcumin (30~240 µmol/L) inhibited the expression of P-selectin.

n=6.  Mean±SD.  bP<0.05, cP<0.01 vs Control.  eP<0.05, fP<0.01 vs

TNF-α 10 ng/mL.

Figure 6.  (A) RT-PCR analysis to detect mRNA expression of adhe-

sion molecules and GAPDH by BMECs.  Expression of P-selectin

mRNA was assessed by RT-PCR after stimulation of the cells with

medium alone (control);  medium containing TNF-α 10  ng/mL;

curcumin 30~240 µmol/L by turns.  (B) Histogram representation of

P-selectin mRNA variations.  Levels of mRNA were expressed as a

ratio of densitometric values of P-selectin.  Control group (basal

value = 100).  n=6.  Mean±SD.  bP<0.05, cP<0.01 vs Control.  eP<0.05,
fP<0.01 vs TNF-α 10 ng/mL.  Data are expressed as arbitrary units.
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vated platelets.  They are believed to play an important role

in atherogenesis and plaque inflammation by attracting leu-

kocytes from the circulation[15].  Although the pathophysi-

ological consequences of activated platelets in circulation

are not yet fully understood, it is well established that in-

creased platelet activation is associated with an enhanced

risk of thrombotic complications in stroke.  Platelet adhesion,

activation, and aggregation play a major role for the throm-

boembolic complications of advanced atherosclerosis[16,17].

In the present study, we investigated the effects of

curcumin on the adhesion of platelets with BMECs.  Curcumin,

which is derived from the root of the plant Curcuma longa,

for the treatment of different inflammatory diseases, has been

used in traditional Chinese medicine for thousands of years.

The beneficial effects of curcumin appear as a promising

class of compounds for brain protection.  Elucidation of their

mechanism of action should provide new insights for new

targets for neuroprotective drugs.  Our data indicate that the

pre-incubation of platelets with curcumin (30–240 µmol/L)

for 30 min reduced thrombin-induced P-selectin and GPIIb/

GPIIIa expressions in a concentration-dependent manner

(Figures 3, 4).  We know that the platelet integrin GPIIb/

GPIIIa not only mediates platelet aggregation, but also contrib-

utes substantially to firm platelet adhesion to subendothe-

lial matrix proteins after endothelial denudation.  The loss of

GPIIb/GPIIIa profoundly reduced platelet-endothelium and

platelet-subendothelium adhesion in vivo[18], thus our study

indicates reduced platelet-endothelium and platelet-

subendothelium adhesion in vitro.

Curcumin also inhibits platelet adhesion to TNF-α-acti-

vated BMECs.  P-selectin and E-selectin comprise a family of

adherent glycoproteins that mediate leukocyte–endothelial

cells and leukocyte–platelet adhesive interactions.  All

selectins are believed to play a significant role in the initial

“rolling” interaction of leukocytes on activated endothelium.

P-selectin is constitutively expressed in Weibel–Palade bod-

ies of endothelial cells and granules of platelets, which can

be rapidly mobilized to the endothelial cell surface after stimu-

lation with thrombin or histamine.

E-selectin is an endothelial cell-specific surface molecule

which is transiently expressed upon activation[19].  It is criti-

cally involved in mediating leukocyte rolling, a prerequisite for

leukocyte adhesion at sites of inflammation[20–22].  The transient

expression of E-selectin is induced by a number of pro-inflam-

matory mediators, such as interleukin-1 (IL-1) and TNF-α.  The

E-selectin expression on the cell surface occurs within 1 and 2

h of cytokine treatment, reaching its maximum at 4–6 h and

then rapidly declining[23].  Our data demonstrate that the pre-

treatment of BMECs with curcumin (30–240 µmol/L) for 30

min reduced TNF-α-induced P-selectin and E-selectin expres-

sions in a concentration-dependent manner (Figures 5, 7).

P-selectin mRNA levels were inhibited with the treatment of

curcumin.  The results in Figures 5 and 7 show how curcumin

inhibits the adhesion of platelets to BMECs.

In summary, the selective blockade of key signaling path-

ways of the adhesion on platelets and BMECs has a differ-

ent impact on stroke outcome and bleeding complications.

The inhibition of early steps of platelet adhesion to the is-

chemic endothelium may offer a novel and safe treatment

strategy in acute stroke.  Our view is that curcumin can exert

beneficial effects on the protection of the brain not only

through its antioxidant potential, but also through the modu-

lation of different pathways.  Because of the low toxicity of

curcumin, its ability to inhibit the induction of adherent mol-

ecules suggests that it should be explored for its therapeutic

value in stoke and neurodegenerative diseases.

Author contribution

Zhong-qin LIANG designed research; Li ZHANG per-

formed research; Zhen-lun GU, Zheng-hong QIN contrib-

uted new analytical reagents and tools; Zheng-hong QIN, Li

ZHANG analyzed data; Li ZHANG wrote the paper.

Figure 7 . Effect of curcumin on TNF-α-activated E-selectin steady

state protein level. BMECs were stimulated as indicated with TNF-α

10 ng/mL. alone or simultaneously with TNF-α and curcumin (30-

240 µg/mL) for 4 h. β-actin was as an internal control. This experi-

ment was performed three times and gave identical results each time.

n=6. Mean±SD. bP<0.05, cP<0.01 vs Control. eP<0.05, fP<0.01 vs

TNF-α 10 ng/mL.
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