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a b s t r a c t

Our previous studies have proven that crocetin (CCT), extracted from Gardenia jasminoides

Ellis, possesses the anti-atherosclerotic effect. Because endothelial dysfunction strongly

contributes to the initiation and progression of atherosclerosis, the present study aims to

investigate whether CCT is capable of improving this dysfunction and to explore the

possible mechanisms. Endothelial dysfunction was induced by in vivo feeding high cho-

lesterol diet (HCD) to rabbit and by in vitro treating bovine aortic endothelial cells (BAECs)

with oxidized LDL (oxLDL). Endothelium-dependent relaxation (EDR) evoked by acetylcho-

line (Ach) and endothelium-independent relaxation (RIDR) mediated by sodium nitroprus-

side (SNP) of thoracic aorta isolated from rabbit were measured. The results indicated that

the EDR in HCD alone treated rabbits was seriously impaired and the maximal relaxation

induced by Ach (10�5.5 M) was only 54% that in control rabbit fed with regular diet. Oral

complementation with CCT (15, 30 mg/kg) dose-dependently improved this impairment and

restored the maximal relaxation to 68% and 80% that in control group, respectively.

However, the EIDR maintained comparable in all groups. Complementation with CCT

(15, 30 mg/kg) simultaneously increased serum level of nitric oxide (NO), upregulated vessel

activity and mRNA expression of endothelial NO synthase (eNOS) as well as vessel cyclic

GMP (cGMP) content compared with those in rabbit treated with HCD alone. Inducible NOS

(iNOS) activity remained unchangeable in all groups. In BAECs, oxLDL treatment decreased

NO production, downregulated both activity and mRNA expression of eNOS. While those

decrease or downregulation were inhibited by co-treatment with CCT (0.1, 1, 10 mM) in a

dose-dependent manner. These findings suggested that CCT significantly restored the EDR

of thoracic aorta in hypercholesterolemic rabbit, which might be explained by its action to

increase the vessel eNOS activity, leading to elevation of NO production.
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1. Introduction

The vascular endothelium plays an important role in the

control of blood flow and thus tissue oxygenation by means of
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the release of nitric oxide (NO) [1]. Consequently, an impair-

ment of this endothelial function appears to play a key role in

several cardiovascular diseases, particularly in atherosclerosis

(AS) [2,3]. The impairment already occurs at an early state of

the disease [4], preceding macroscopically visible lesions
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which are characteristic of advanced states [5]. Unlike the

vascular lesions, defects of endothelial function can be

detected not only in conduit arteries but also in resistance

vessel [6]. Earlier studies [7,8] confirmed that while receptor-

mediated endothelium-dependent relaxation (EDR) to acet-

ylcholine (Ach) as well as receptor-independent responses to

calcium ionophore A23187 was lost, endothelium-indepen-

dent agents such as the NOs donor sodium nitroprusside (SNP)

elicited normal vasodilation in thoracic aorta of hypercholes-

terolemic rabbit. These observations implied the site of

inhibition of EDR to be distal to receptor-mediated events

and proximal to the activation of the vascular smooth muscle,

suggesting that impaired enzymatic synthesis of NOs could be

one of the mechanisms causing endothelial dysfunction. NO is

produced by an enzyme known as NO synthase (NOS) which

converts L-arginine to L-citrulline and NO [9,10]. There are two

isoforms of NOS in endothelial cells, endothelial NOS (eNOS)

and inducible NOS (iNOS). NO originated from eNOS is thought

to play a pivotal role in maintaining the vasorelaxation.

Ooboshi et al. [11] reported that overexpression of eNOS gene

in AS animals improved the EDR by increasing NO production.

Otherwise, chronical administration of NOS inhibitor NG-

nitro-L-arginine methyl ester (L-NAME) to rabbits resulted in

reduced NO production and completely abolished the EDR

evoked by Ach [12]. Therefore, alleviation of endothelial

dysfunction by increasing NO production would be beneficial

to prevention and treatment of AS. It is likely that oxidized low

density lipoproteins (oxLDL) which accumulate in the arterial

wall in hypercholesterolemia subjects play a causal role in the

reduction of NO production through downregulation of eNOS

mRNA expression [13,14], suggesting a possible mechanism by

which oxLDL contributes to impairment of EDR and conse-

quently to AS plaque formation.

Crocetin (CCT), a carotenoid extracted from Gardenia

jasminoides Ellis, is widely used for the prevention and

treatment of cardiovascular diseases, largely depending on

its anti-oxidation effect [15]. We have previously reported that

CCT exerted the anti-AS action on animal models of both rat

and rabbit [16,17]. The mechanism exploration showed that

the inhibition of oxLDL production and consequently the

alleviation of injury to vascular cells caused by oxLDL might be

partly responsible for the anti-AS action of CCT [18]. Because

endothelial dysfunction strongly contributes to the initiation

and progression of atherosclerosis, the present study aims to

investigate whether CCT is capable of improving this

dysfunction of thoracic aorta isolated from hypercholester-

olemic rabbit and to explore the possible mechanisms.
Fig. 1 – Chemical structure of CCT.
2. Materials and methods

2.1. Drugs and chemicals

Crocetin (CCT) was extracted from G. jasminoides Ellis in our

laboratory and its purity is over 98% (assayed by high

performance liquid chromatography, HPLC) (chemical struc-

ture shown as Fig. 1). Phenylephrine (PE), acetylcholine

hydrochloride (Ach), sodium nitroprusside (SNP), indometha-

cin were from Sigma (USA). DMEM culture medium was from

Gibico Company. Newly born bovine serum (NBS) was
provided by Shanghai Weike Biochemical Reagent Co. Ltd.

(China). Low density lipoprotein (LDL) was purchased from

Nanjing Military Hospital (China). Kits for determinations of

nitric oxide (NO), endothelial NO synthase (eNOS), inducible

NOS (iNOS) and protein were provided by Nanjing Jiancheng

Bioengineering Company (China). Kit for cyclic guanine

monophosphate (cGMP) was the product of TCM University

(China). Tripul was the product of Roche Company. dNTP,

Moloney murine leukemia virustranscriptase (MMLV), Taq

DNA polymerase, RNAsin, oligo(dT)15 primer and oligonucleo-

tides for eNOS (both rabbit and bovine) and GAPDH were from

Sangong Biotechnology (Shanghai, China). The following

primer pairs were used—rabbit eNOS: sense, 50-GCT GCG

CCA GGC TCT CAC CTT C-30; antisense, 50-GGC TGC AGC CCT

TTG CTC TCA A-30; BAECs eNOS: sense, 50-GAG CCA CAG AGC

AGA CGG AG-30; antisense, 50-CAC TCT CTC GGA GGT GGA TG-

30; GAPDH: sense, 50-ATC ACC ATC TTC CAG GAG CG-30;

antisense, 50-CCT GCT TCA CCA CCT TCT TG-30. Other

chemicals used were analytical grade.

2.2. Animal preparations

Male New Zealand rabbits weighing 2.0–2.5 kg were provided

by Animal Experimental Center of China, Pharmaceutical

University (China) and all experimental procedures were

performed in accordance with the Guidelines of Animal

Experiments from the Committee of Medical Ethics, National

Health Department of China (1998). The rabbits were ran-

domly divided into four groups of eight animals each: control

group, HCD group, HCD + CCT (30) group and HCD + CCT (15)

group. Except for the rabbits in control group fed with regular

diet, those in other groups were fed with high cholesterol diet

(HCD) containing regular diet (94.8%), lard (4%) and cholesterol

(1.2%) for 8 weeks. In the CCT groups, the diet was prepared

daily by mixing CCT (30 and 15 mg/kg body weight),

respectively, into 20 g HCD and by checking that rabbits

completely consumed their food. All animals received 120 g of

food daily. All animals were anesthetized with sodium

pentobarbital (30 mg/kg i.v.) and sacrificed by exsanguinations

at the end of experiment.

2.3. Arterial rings preparation and protocol

At the end of the experiment, rabbits were anaesthetized with

sodium pentobarbital and sacrificed by exsanguinations from

abdominal aorta. The thoracic aorta isolated from rabbits was

placed in ice cold Krebs solution (mM) (NaCl 118.3; KCl 4.7;

CaCl2 2.5; MgSO4 1.2; KH2PO4 1.2; glucose 11.1 and NaHCO3

24.9, pH 7.4), cleaned from connective tissues and cut into

transverse rings of 3 mm long. Special care was taken to avoid

damage to the endothelium. Each ring was then suspended

vertically in the organ chamber (volume 20 ml) between two
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stainless steel hooks in Krebs solution maintained at 37 8C and

aerated with 95% oxygen and 5% carbon dioxide. One of the

hooks was fixed to a stand while the other was attached to an

isometric force transducer (Hugo Sachs, Germany) and tension

was recorded on a recorder (Linearcorder WR 3320, Japan).

Rings were initially stretched until resting tension reached 2 g

and then allowed to equilibrate for 45 min. During this period,

resting tension was continuously monitored and, if needed,

readjusted to 2 g by further stretching. To prevent the

synthesis of vascular prostaglandins, all experiments were

done in the presence of 10 mM indomethacin.

The rings from each group were preconstricted with

phenylephrine (1 � 10�6 M) and then exposed to relaxant

effects evoked by increasingly cumulative concentrations of

either Ach (1 � 10�8 to 1 � 10�5 M) or SNP (1 � 10�8 to

1 � 10�5 M) when the constrictive plateau was reached.

2.4. Serum NO content and NOS activities in abdominal
aorta

The blood was collected at weeks 0, 2, 4, 6, 8, respectively, from

marginal ear vein and from which the serum was separated by

centrifugation at 3000 rpm. Serum NO content was deter-

mined according to the Griess method which measures nitrite

concentration after conversion of nitrate to nitrite with nitrate

reductase. Nitrite concentrations were determined at an

optical density of 554 nm by comparison to standard solutions

of sodium nitrite. After the rabbit was killed, abdominal aorta

was sectioned and homogenized in phosphate buffer solution

(PBS) solution with final concentration 10% (g/v) and the

homogenization was centrifuged at 3000 rpm for 10 min. The

supernatant was used for determinations of total NOS (tNOS)

and inducible NOS (iNOS) activities and protein content using

kits following the instructions of manufactory. Endothelial

NOS (eNOS) activity was the difference between tNOS and

iNOS. In this method, NOS catalyzes L-arginine and O2 to

produce NO which reacts with a substance, forming a

compound with blue color determined at 530 nm. The fact

that eNOS is calcium-dependent while iNOS is not can

distinguish the eNOS from iNOS by adding specific inhibitor

of eNOS (calcium ion chelator) in the case of determination of

iNOS. All NOS activity was expressed in U/mg protein.

2.5. cGMP content in abdominal aorta

The supernatant of abdominal aorta homogenate obtained in

Section 2.4 was used for determinations of both cGMP and

protein content by radioimmunological assay following the

instruction of manufactory and the cGMP content was

expressed in pmol/mg protein.

2.6. Preparation of oxLDL

Whole blood was obtained by venipuncture from healthy

volunteers after 12 h of fasting and processed for LDL

separation within 1 day by sequential flotation in NaBr

solution containing 1 mg/ml EDTA. Cu2+-modified LDL

(1.0 mg protein/ml) was prepared by exposure of LDL to

5 mM CuSO4 for 18 h at 37 8C. The extent of LDL oxidation

was determined by thiobarbituric acid-reactive substances
(TBARS) and the TBARS content of oxLDL used in our

experiment was 19.2 nmol/100 mg protein versus 0.56 nmol/

100 mg protein in the native-LDL preparation. Protein was

measured by the Comas protein assay reagent.

2.7. Culture of bovine aortic endothelial cells (BAECs) and
protocols

Bovine thoracic aorta was filled with 0.25% trypsin in D-hanks

solution. After about 10-min incubation at 37 8C, dissociated

bovine aortic endothelial cells (BAECs) were collected, washed

by centrifugation at 1000 � g for 10 min, and re-suspended in

DMEM containing 20% NBS. Cells were seeded in flasks and

monitored until 75% of the cell clumps adhered (24 h).

Nonadhering cells were poured off, and the adhering cells

were incubated in DMEM with 20% NBS at 37 8C under an

atmosphere of 5% CO2 and 95% air. The cells used in this study

had undergone 2–3 passages. Confluent BAECs were digested

using 0.25% trypsin and seeded into 24- or 6-well plate with

cell number of 5 � 105 or 5 � 106/well, respectively. Cells were

divided into five groups: control group, oxLDL group,

oxLDL + CCT (0.1, 1, 10 mM) groups. After pretreatment of

the cells in oxLDL + CCT (0.1, 1, 10 mM) groups with CCT (0.1, 1,

10 mM) for 12 h followed by replacing culture medium with

fresh one, the cells in oxLDL and oxLDL + CCT (0.1, 1, 10 mM)

groups were incubated with oxLDL (final concentration 50 mg/

ml) for 24 h. Culture medium and cells treated were used for

the following experiments.

2.8. NO content in culture medium and NOS activities of
BAECs

After the BAECs in 24-well plate were treated as described in

Section 2.7, NO content in culture medium and the activities of

tNOS and iNOS in BAECs lysed using 1% triton solution were

determined using kits as described in Section 2.4. eNOS

activity was the difference between tNOS and iNOS activity

and expressed as U/mg cell protein.

2.9. eNOS mRNA expressions of rabbit thoracic aorta and
BAECs

Total mRNA from rabbit thoracic aorta or BAECs in 6-well plate

were isolated by using Tripul isolation reagent and used for

RT-PCR assay. Briefly, after total mRNA was quantified by use

of an ultraviolet (UV) spectrophotometer (DU-640, Beckman,

USA), reverse transcription to cDNA was accomplished by

priming 2 mg of total RNA samples with MMLV and oligo(dT) 15

primer. The products were then used for the following PCR

amplification: the PCR reaction mixture was in a 25-ml volume

containing 2.5 mM dNTP 1 ml, 10-PCR buffer (20 mM MgCl2,

500 mM KCl, 1.5 M Tris–HCl, pH 8.7), 2.5 ml cDNA, 200 nM of the

appropriate rabbit or bovine eNOS-paired primers and 1.25 U

of Taq DNA polymerase. Amplification was performed in a

Perkin-Elmer Gene Amp PCR System 9600 and consisted of 30

cycles of denaturation at 95 8C, 30 s, annealing at 53 8C, 30 s

(rabbit eNOS and GAPDH) or at 62 8C, 30 s (BAECs eNOS and

GAPDH) and extension at 72 8C, 30 s (terminal extension at

72 8C, 7 min) after an initial denaturation step at 95 8C, 10 min.

The PCR-amplified products were electrophoresed on a 1.5%
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agarose gel and visualized with ethidium bromide staining.

eNOS mRNA band was normalized with band of relative

internal reference GAPDH mRNA. Relative intensity of band

was analyzed by Bio-Rad software (Bio-Rad Company) and

expressed as the ratio to GAPDH mRNA band.

2.10. Statistical analysis

Relaxations (%) were expressed as the percentage of the

contraction induced by 1 � 10�6 M of phenylephrine. All

results were expressed as mean � S.D. The results were

analyzed with Student’s t-test for paired observations.

P < 0.05 was considered to be a significant probability.
Fig. 3 – Endothelium-independent relaxations (EIDR)

induced by SNP of isolated aortic rings ex vivo from rabbits

fed regular diet (control) or a diet enriched with 1.2%

cholesterol (HCD) or a HCD + CCT (15, 30 mg/kg) for 8

weeks. EIDR was measured as described in Section 2.

Value represents mean W S.D. of eight rings per group.
3. Results

3.1. Endothelium-dependent relaxation (EDR) of thoracic
aorta evoked by Ach

Ach (10�8 to 10�5.5 M) caused EDR of thoracic aorta in a

concentration–response manner in all the groups studied

(Fig. 2). However, EDR in HCD group was seriously impaired

compared with that in control group at the corresponding

point (P < 0.05 or <0.01). The maximal relaxation induced by

Ach (10�5.5 M) in HCD group was only 54% that in control

group. Complementation of CCT (15, 30 mg/kg) significantly

improved this impairment and restored the maximal relaxa-

tion to 68% and 80% that in control group, respectively

(P < 0.05 or <0.01), suggesting that CCT improved the

dysfunction of EDR impaired by HCD. No significant difference

at the point of Ach (10�5.5 M) was found between control group

and HCD + CCT (30) group (P > 0.05).
Fig. 2 – Endothelium-dependent relaxations (EDR) induced

by Ach of isolated aortic rings ex vivo from rabbits fed

regular diet (control) or a diet enriched with 1.2%

cholesterol (HCD) or a HCD + CCT (15, 30 mg/kg) for 8

weeks. EDR was measured as described in Section 2. Value

represents mean W S.D. of eight rings per group. ##P < 0.01

vs. control group; *P < 0.05, **P < 0.01 vs. HCD group.
3.2. Endothelium-independent relaxation (EIDR) of
thoracic aorta evoked by SNP

SNP (10�9 to 10�6.5 M) induced EIDR of thoracic aorta in a

concentration–response manner in all the groups studied and

no significant differences were found among the groups

(P > 0.05), suggesting that EIDR maintained normal in

hypercholesterolemia rabbits and that CCT had no influence

on EIDR (Fig. 3).

3.3. Serum NO content

Eight weeks’ feeding of HCD alone to rabbit caused a gradual

reduction in serum NO content by 10%, 25%, 39% and 53% at

weeks 2, 4, 6, 8, respectively, compared with that in control

group. While those reductions were significantly inhibited

by complementation of CCT (P < 0.05 or <0.01), with

inhibited percentages of 9%, 14%, 32% and 36% for CCT

(15 mg/kg) and 13%, 24%, 47% and 72% for CCT (30 mg/kg),

respectively, compared with HCD at the corresponding week

(Fig. 4).

3.4. cGMP content in abdominal aorta

Eight weeks’ feeding of HCD alone to rabbit was shown to

reduce cGMP content in abdominal aorta by 56% compared

with that in control group (P < 0.01). Co-feeding of CCT (15,

30 mg/kg) significantly increased the cGMP content by 40% and

66% compared with HCD, respectively (P < 0.05 or <0.01)

(Fig. 5). No significant difference in vessel cGMP level was

found between control group and HCD + CCT (30) group

(P > 0.05).
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Fig. 4 – Serum NO content of rabbits fed regular diet

(control) or a diet enriched with 1.2% cholesterol (HCD) or a

HCD + CCT (15, 30 mg/kg) at weeks 0, 2, 4, 6, 8. NO was

measured as described in Section 2. Value represents

mean W S.D. of eight samples per group. #P < 0.05,
##P < 0.01 vs. control group; *P < 0.05, **P < 0.01 vs. HCD

group.

Fig. 6 – Activities of eNOS and iNOS in abdominal aorta of

rabbits fed regular diet (control) or a diet enriched with

1.2% cholesterol (HCD) or a HCD + CCT (15, 30 mg/kg) for 8

weeks. NOS activities were measured as described in

Section 2. Value represents mean W S.D. of eight samples

per group. ##P < 0.01 vs. control group; *P < 0.05, **P < 0.01

vs. HCD group.
3.5. NOS activity in abdominal aorta

Exposure of rabbits to HCD for 8 weeks was shown to lower

eNOS activity of abdominal aorta to nearly half of that in

control group (P < 0.01). Complementation of CCT (15, 30 mg/

kg) significantly increased eNOS activity by 38% and 65%
Fig. 5 – Vessel cGMP content of rabbits fed regular diet

(control) or a diet enriched with 1.2% cholesterol (HCD) or a

HCD + CCT (15, 30 mg/kg) for 8 weeks. cGMP was

measured as described in Section 2. Value represents

mean W S.D. of eight samples per group. ##P < 0.01 vs.

control group; *P < 0.05, **P < 0.01 vs. HCD group.
compared with HCD, respectively (P < 0.05 or<0.01). Both HCD

and CCT had no effect on iNOS activity, suggesting that

changes of serum NO content might be attributed to changes

of eNOS activity rather than iNOS activity (Fig. 6). No

significant difference in eNOS activity was found between

control group and HCD + CCT (30) group (P > 0.05).

3.6. eNOS mRNA expression of thoracic aorta

HCD feeding to rabbit was found to downregulate the eNOS

mRNA expression in thoracic aorta by 43% with respect to

control group (P < 0.01). Co-feeding of CCT (15, 30 mg/kg)

significantly increased the eNOS mRNA expression by 30% and

53% compared with HCD alone, respectively (P < 0.05 or<0.01)

(Fig. 7). No significant difference in eNOS mRNA expression

was found between control group and HCD + CCT (30) group

(P > 0.05).

3.7. NO content in culture medium and NOS activities in
BAECs

Incubation of BAECs with 50 mg/ml oxLDL was found to reduce

both NO content in culture medium and the eNOS activity in

BAECs by 42% and 45% compared with the control, respec-

tively (P < 0.01). Those reductions were remarkably inhibited

by pretreatment with CCT (1, 10 mM) (P < 0.05 or <0.01). Both

oxLDL and CCT had no effect on iNOS activity. (Fig. 8).

3.8. eNOS mRNA expression of BAECs

Incubation of BAECs with 50 mg/ml oxLDL was shown to

downregulate the mRNA expression of eNOS in BACEs by 39%

compared with control (P < 0.01). This downregulation was
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Fig. 7 – eNOS mRNA expression in thoracic aorta of rabbits fed regular diet (control) or a diet enriched with 1.2% cholesterol

(HCD) or a HCD + CCT (15, 30 mg/kg) for 8 weeks. eNOS mRNA expression was measured as described in Section 2.

Representative electrophoresis photo of eNOS and GAPDH mRNA expression (left). (A) control; (B) HCD; (C) HCD + CCT (15);

(D) HCD + CCT (30). The analyzed mRNA expression of eNOS and GAPDH by image analyzer (right). Value represents

mean W S.D. of eight samples per group. ##P < 0.01 vs. control group; *P < 0.05, **P < 0.01 vs. HCD group.

Fig. 8 – NO content in culture medium (left) and NOS activities in BAECs (right). NO and NOS were measured as described in

Section 2. Value represents mean W S.D. of eight samples per group. ##P < 0.01 vs. control group; *P < 0.05, **P < 0.01 vs.

oxLDL group.

Fig. 9 – eNOS mRNA expression in BAECs was measured as described in Section 2. Representative electrophoresis photo of

eNOS and GAPDH mRNA expression (left). (A) control; (B) oxLDL; (C) oxLDL + CCT (0.1 mM); (D) oxLDL + CCT (1 mM); (E)

oxLDL + CCT(10 mM). The analyzed mRNA expression of eNOS and GAPDH by image analyzer (right). Value represents

mean W S.D. of six samples per group. ##P < 0.01 vs. control group; *P < 0.05, **P < 0.01 vs. oxLDL group.
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inhibited by pretreatment with CCT (0.1, 1, 10 mM) by 11%, 43%,

and 55%, respectively (Fig. 9). No significant difference in eNOS

mRNA expression was found between control group and

oxLDL + CCT (10 mM) group (P > 0.05).
4. Discussion and conclusion

The major findings of this study were that dietary supple-

mentation of high cholesterol diet (HCD) fed rabbits with

crocetin (CCT) restored the systemic NO production and

improved endothelium-dependent relaxation (EDR) in

response to acetylcholine (Ach) of aortic rings ex vivo.

It is well established that eNOS–NO–cGMP pathway gets

involved in the Ach induced EDR. The biding of Ach to the

outer surface of an endothelial cell signals a rise in cytosolic

Ca2+ concentration that activates eNOS. The NO formed in the

endothelial cell catalyzed by eNOS diffuses across the plasma

membrane and into the adjacent smooth muscle cells, where

it bines and stimulates guanylyl cyclase, the enzyme that

synthesizes cGMP, which is an important second messenger

similar in structure to cAMP. Cyclic GMP leads to a decrease in

cytosolic Ca2+ concentration, which causes relaxation of the

muscle cell and dilation of the blood vessel.

It is well known that vascular rings of atherosclerotic

animals show an endothelium injury, which is the first step in

atherosclerotic plaque development [19]. This injury leads,

among other things, to an alteration in the normal function-

ality of endothelium with a decrease in EDR induced by

agonists, such as Ach [8]. The present study showed that the

EDR of thoracic aorta isolated from hypercholesterolemic

rabbit in response to Ach was significantly impaired and the

maximal relaxation induced by Ach (10�5.5 M) was only 54%

that in control rabbit fed with regular diet. The result is well in

agreement with the reported studies [20]. Co-feeding of CCT

(15, 30 mg/kg) dose-dependently improved this impairment

and restored the maximal relaxation to 68% and 80% that in

the control, respectively. Taken together with our previous

study [17] that CCT attenuated the atherosclerotic pathologies

of rabbit, the present study suggested that improvement of

EDR might be involved in the anti-atherosclerotic effect of

CCT.

However, the present study and others showed that the

endothelium-independent relaxation (EIDR) in response to

sodium nitroprusside (SNP), which spontaneously releases

NO, was not affected by the atherogenic diet [4,21]. Those

implied that, on one hand, the reduced responsiveness of the

atherosclerotic arteries to Ach was not a result of an inability

of the vessels to relax; on the other hand, the impairment of

EDR was due, at least in part, to reduced production of NO by

endothelial cells. This was confirmed by the present study

demonstrating that impaired EDR was accompanied by

decreased NO production, consequently leading to reduced

vessel cGMP production. Supplementation with CCT improved

the EDR without affecting EIDR, suggesting that the action of

CCT on vasorelaxation might be attributed to the vessel

endothelia instead of direct effect on vessel smooth muscle.

Furthermore, the beneficial effect of CCT on the EDR might be

mediated by an enhanced formation of NO observed in the

present study, leading to increased cGMP production.
NO is produced by an enzyme known as NOS which

converts L-arginine to L-citrulline and NO [9,10]. There are two

isoforms of NOS in endothelial cells which are eNOS and iNOS.

eNOS originated NO is thought to play a pivotal role in

maintaining the vasorelaxtion. Ooboshi et al. [11] reported that

overexpression of eNOS gene in atherosclerotic animals

improved the EDR by increasing the NO production. Other-

wise, simultaneous administration of HCD with L-NAME, an

eNOS inhibitor, to rabbits resulted in a further reduction of NO

production and completely abolished the EDR by Ach [12].

oxLDL, the oxidized form of LDL which is the main carriers of

cholesterol, is presumed to play a pivotal role in initiation and

progression of AS. In deed, Zheng et al. [18] in our group

reported that atherosclerotic areas in AS rabbit model

positively correlated with plasma level of oxLDL and the

susceptibility of LDL to in vitro oxidation. In addition, Simon

et al. [22] reported that oxLDL not LDL significantly impaired

the EDR of pig right coronary artery ex vivo, suggesting a

potential role of oxLDL in impairment of the EDR seen in

hypercholesterolemia and atheroclerosis. This is further

supported by in vitro study that oxLDL downregulates the

eNOS expression in human coronary artery endothelial cells

[23]. In order to explore the underlying mechanism by which

the NO production was increased by CCT, activities of eNOS

and iNOS in both hypercholesterolemic rabbit vessels and

oxLDL treated BAECs were measured. The results showed that

CCT increased the activities of eNOS rather than iNOS in both

in vivo and in vitro studies, suggesting that the increase of NO

production was exclusively attributed to the increased eNOS

activity. Furthermore, the facts that CCT upregulated the

eNOS mRNA expressions in both in vivo and in vitro studies

were in accordable with its action on eNOS activity and NO

production. Taken together with our previous reports and

others, inhibition of oxLDL production and consequently the

alleviation of injury to endothelial cells caused by oxLDL might

explain the upregulation of eNOS in both activity and mRNA

levels by CCT. The exact mechanisms need further elucidated.

Conclusively, the present study demonstrated that CCT

could restore EDR of thoracic aorta isolated from hypercho-

lesterolemic rabbit, which might be partly explained by

increased vessel activity of eNOS, leading to increasing of

NO production. Functionally, this might be one of the

mechanisms by which CCT ameliorate atherosclerosis. These

observations should offer further insight into the anti-

atherosclerotic mechanisms of anti-oxidants and provide a

potential target for anti-oxidants in the prevention and

treatment of atherosclerosis.
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