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ABSTRACT

Hyperglycemia is generally regarded as one of tligomcauses of vascular complications in diabetitignts. It
has been shown that high-glucose concentrationeases nitric oxide synthase (NOS) expression and NO
generation in cultured human aortic endotheliallgeeThe epidemiological studies have demonstratat there is

an inverse relation between vitamin use and camBoular disease in diabetes patients. This stustedewhether
a-tocopherol and ascorbic acid can alter high gluedsduced expression of NOS in vascular endothekdls.
Human umbilical vascular endothelial cells (HUVEGSsgre treated withu-tocopherol and ascorbic acid, and
stimulated by high glucose. Expression of endathdlitric oxide synthase (eNOS) and inducible nitdxide
synthase (iNOS) was measured by real-time PCR ER)}PAscorbic acid (100 pM) angtocopherol (200 uM)
significantly inhibited glucose (25 mM)-induced egsion of eNOS mMRNA and iNOS mRNA. Ascorbic axld-a
tocopherol are also able to reduce concentratioN&fS in HUVECSs. Additionally, there is a signifitgositive
relation between expression of eNOS and iINOS mRNA concentration of NOS. These results suggedt tha
ascorbic acid andi-tocopherol can inhibit high glucose-induced protilore of NOS proteins by downregulation of
its gene expression. Therefore, important role s€oabic acid anda-tocopherol in the treatment of vascular
dysfunction associated with diabetes disease mayicdb¢éhis molecular mechanism. Of course, furtheidies on
regulation of these vitamins to signaling pathwages necessary.
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INTRODUCTION

Diabetes mellitus is a frequent and increasing ipui#alth problem. Diabetes has a prevalence of 2 ggercent in
most Western countries, and it is rapidly incre@smAsiatic countries due to changes in dietaryitsaduring the
last years (1). Hyperglycemia is generally regaragedne of the major causes of vascular complicatio diabetic
patients. The endothelium is not a single-celnigncovering the internal surface of blood vessatsif fact plays a
crucial role in regulating vascular tone and sutet Importantly, a healthy endothelium inhibitsatplet and
leukocyte adhesion to the vascular surface andtaiaia balance of profibrinolytic and prothrombadctivity (2).

Endothelial dysfunction has received increasingrditbtn as a potential contributor to the pathogenelsvascular
disease in diabetes mellitus.
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It has been reported that high extra-cellular ghecmduces reactive oxygen species (ROS) produ(2iprSeveral
studies have demonstrated that nitric oxide (NGahisormal in patients with type 2 diabetes (3). Altitude of
experimental arguments have led to the conceptNRais not only involved in the control of vasomotone but
also in vascular homeostasis function. NO is anotadium-derived relaxing factor that produced tigio the
conversion of arginin to citrulline by endotheligtric oxide synthase (eNOS) or inducible nitricidex synthase
(iNOS) in vascular endothelial cells (4). The praemaegion of eNOS gene contains tentative regofagequences,
including cAMP, phorbol esters, and sterol-respamselements (5). It has been shown that high-gkicos
concentration increases eNOS expression and NOra#ene in cultured human aortic endothelial cel&. (
Increasing of NO production rates, often couplethwiccelerated NO removal through poorly undersfmttiways,
leads to impaired NO signaling and secondary géneraf toxic NO-derived species (7). The reactidMNO with
superoxide anion (), yielding peroxynitrite (ONOQ, accounts for a major part of the accelerated rii@oval
(7). Thus this reaction can have been an importdetin enhanced rates of NO consumption as enltiothalerived
relaxing factor.

In vitro studies have shown that various antioxidantsuliog vitamin E ¢-tocopherol) and vitamin C (ascorbic
acid), can prevent hyperglycemia-induced endothedjary of dysfunction (8),(9). In addition, theielemiological
studies have demonstrated acute administratiofitarhins improves endothelium-dependent vasoditanat®), and
there is an inverse relation between vitamin E@ardiovascular disease in diabetes patients (10).

Although a lot of studies have been done for ptrotecrole of antioxidants, especially vitamins, the
pathophysiology of diabetes and cardiovascularadis€9), (10), (11), (12), (13), (14), (15). but therature data
concerning the molecular mechanismoetbcopherol and ascorbic acid effect on the pradonodf NO are limited.
We have previously shown thattocopherol and ascorbic acid are able to decré&¥e glycation as dose
dependent in a high-glucosevitro model (16). Therefore, our objective in this stuslyo evaluate of the effect of
a-tocopherol and ascorbic acid on concentration ©fSNand eNOS and iINOS expression in high glucopesed
human umbilical vein endothelial cells (HUVECS).

MATERIALS AND METHODS

Materials

Human umbilical vascular endothelial cells (HUVE@®&re obtained from National Cell Bank Iran (NCBPgsteur
Institute of Iran (Tehran, Iran). They were cudidirin Dulbecco’s modified Eagle’s medium (DMEM) taining

0.1 mg/ml heparin (Gibco BRL), 100 U/ml penicillibQ0 ug/ml streptomycin, and 15% fetal bovine serum (@ibc
BRL). The cultures were maintained af@7n an atmosphere of 95% air and 5%,Ckedium was refreshed every
three days. HUVECs of passages 3-5 were used fmrgments.a-tocopherol, and ascorbic acid were purchased
from Sigma (St. Louis, Mo, U.S.A), Dimethyl sulfald (DMSO) were obtained from Merck (Darmstadt, Gamy).

Methods

Cell treatment and cell viabilityin this study, HUVECs were treated with a mediumtaming 5.5 mM glucose
(control) or 25 mM glucose (high glucose) for 24fo(17), (18) in the presence or absence 50,dr0200 uM of
ascorbic acid ow-tocopherol. The incubation medium was then remdeednalysis on NOS expression and NOS
concentration, as described below. Cells viabilitgre measured by adding 15 pl of 2 mg/ml MTT (34
dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium) tlls in 96-well plates and incubating for 24 hati37C. Then
the medium was removed, 250 pl DMSO was addeddb eall and the cells were incubated at@Tor 4 hours.
Absorption at 550 nm was read using a microplaa€ee (19).

Quantitative real-time PCR (RT-PCR) analysimtal RNA was purified from HUVECs using the QiagBNA
extraction kit (Germany). The RNA pellet was remmped in RNasa-free water and its concentration was
determinate in a Lambda 18 Spectrometer (PerkireEl@ermany) at 260 nm. RNA (5 ul) with concentmatof 1

pg was mixed with 2 pl of dNTP, 2 pl of 10x revetsanscriptase (RT) buffer, 2 pl of random hexamemer
(Cinnagen, Iran), 1 pl of ominiscript reverse taiptase, and 8 pl of RNase-free water. The RT unétwas
incubated at 3T for 60 minutes (method was done according to €iatDNA kit, Germany made). The resulting
cDNA was amplified by RT-PCR (ABI, USA) with the mditions of 95C for 15 minutes (activation enzyme) and
45 cycles of 9%C for 15 seconds (denaturation),’65for 30 seconds (annealing), and°G2for 34 seconds
(extension). The primers were purchased from Qiggempany (Germany). The primers for eNOS were &G
GCT GTC TGC ATG GAC CT-3' (upstream) and 5'- CCALGGG TGA CTT TGG CT-3' (downstream), for
INOS were 5-CGCCAAGAACGTGTTCACCA-3' (upstream) aB4AGC AGG CAC ACG CCA TGA T-3
(downstream), and fd-actin, used as internal control, were 5'- AGC G3CC TTT GCCGA-3' (upstream) and 5'-
CTG GTG CCT GGG GCG-3' (downstream). The PCR prtsduere confirmed using melting-curve analysis for
each gene. For comparison of transcript amountseset samples, a standard curve of cycle thresHotdserial
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dilutions of a cDNA sample was stablished and theed to calculate relative levels of each gene)[RORT-PCR
assays were performed in triplicate.

Assay of nitric oxide synthase (NOS) concentratidme concentration of NOS in cell culture was meaguny
enzyme-linked immunosorbent assay with commercidSE kits from Abnova Corporation (Taiwan). The lsel
that were used to measurement of NOS concentratiwa washed twice with Dulbecco's PBS, and celieWwesed
with 400 pl of lysis buffer (25 mM Tris/HCI (pH 79,6150 mM NaCl, 1 mg/l aprotinin, 10 mg/l leupeptin
1 mM EDTA, 50 mM NaF, and 1% Triton-X-100). All sptas were assayed in triplicate and expressed/ad.pg
Statistical analysis

All data are shown as mean = SD. Treatment effeetg analyzed using one-way analysis of variandeGA).
The level of significance was< 0.05.

RESULTS

To verify inducement of high glucose on nitric axigynthase (NOS), HUVECs were stimulated by 25 niMage
concentration for 24 hours. High glucose incredbedexpression of eNOS mRNA and iNOS mRNA in corigpar
with low glucose (5.5 mM) approximately 92% and 783%spectively (Figure 1). For determination of thest
concentration of vitamins, we assayed the effefferdint concentrations (50 -200 uM) of ascorbicdaand o-
tocopherol on glucose (25 mM)-induced eNOS and iN@@ession for 24 hours. Ascorbic acid inhibitédcgse-
induced eNOS and INOS mRNA expression in a sigmificdose-dependent manngr € 0.05) when the
concentration was limited between 50 and 100 uMsredsi-tocopherol showed a significant inhibition of ghse-
induced eNOS and iINOS mRNA expression as dose depéin concentrations of 50 to 200 uM (Figure 2A,C
According to this study 100 uM concentration ofabic acid is able to reduce eNOS and INOS mMRNA@sgion
approximately 74% and 52%, respectively, but 200 ¢dvicentration ofi-tocopherol is able to reduce eNOS and
INOS mRNA expression approximately 59% and 49%peetvely (Figure 2B,D).
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Figure 1. The effect of 5.5 mM glucose concentratip as basal concentration, (black bar) and 25 mM gtose concentration (grey bar) on
eNOS and iNOS expression assessed by RT-PCR in HUR&after 24 hours incubation (37C, 5% CO,)
Data are represented as the mean+SD of triplicagtmination. *p < 0.05 compared with control (bikalear).

We investigated NOS concentration of HUVECs treatgith 5.5 mM (low glucose) and 25 mM (high glucose)
glucose (Figure 3). As shown in this Figure, NOSaamtration in presence of high glucose as signiti§ < 0.05),
increase by 86% in comparison to the control (lducgse concentration). To assess whether ascochucaada-
tocopherol can inhibit high glucose-induced conaditn of NOS, we examined NOS protein concentratiy
ELISA analysis. Treatment of cells (HUVECS) witlcasbic acid oi-tocopherol reduced the concentration of NOS
induced by high glucose in a significant dose ddpah mannerg < 0.05) (Figure 4A). This study showed that
concentration of 100 uM of ascorbic acid and 200 pf\-tocopherol are able to decrease concentration@$ N
protein by 73% and 63%, respectively (Figure 4B).
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Figure 2. The effect of 50, 100, and 200 uM conceations of ascorbic acid ¢) and a-tocopherol (@) on eNOS (A), and iINOS (C)
expression in presence high glucose concentratio?5 mM); The comparison of inhibition percent of eNCS (B), and iNOS (D) expression
in presence 25 mM glucose concentration and diffen¢é concentrations (50-200 pM) of ascorbic acid and-tocopherol. HUVECs
treatment with vitamins at 37°C with air of 5% CO ,for 24 hours
Data are represented as the mean1SD of triplicattmination. *p < 0.05 compared with control (lmetabsence of vitamins).
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Figure 3. Effect of low glucose (5.5 mM), as basabncentration, and high glucose (25 mM) on concergtion of NOS in HUVECS after 24
hours incubation (37C, 5% CO,)
Data are represented as the meanSD of triplicatetmination. *p < 0.05 compared with control (lmetpresence of low glucose).

Finally, according to linear (Pearson) analysigrelation between eNOS and iINOS mRNA expression MO®
concentration in high glucose-induced HUVECSs treéatith ascorbic acid and/ertocopherol have been shown in
Figure 5. This Figure, shows a significant posito@relation between concentration of NOS and esgiom of
eNOS mRNA in presence ascorbic acid (r = 0.99; < 0.007) (Figure 5A) and/ora-tocopherol

(r = 0.99;p < 0.007) (Figure 5B). Additionally, a significapositive relation was also found between NOS
concentration and INOS mRNA expression with as@odgid (r = 0.98;p < 0.02) (Figure 5A) and/at-tocopherol

(r =0.99;p < 0.007) (Figure 5B).
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Figure 4. (A) The effect of 50, 100, and 200 pM coantrations of ascorbic acid ¢) and a-tocopherol @) on HUVECS nitric oxide synthase
(NOS) concentration in presence high glucose condeation (25 mM); (B) The comparison of inhibition percent of NOS protein
concentration in presence high level of glucose (26M) and different concentrations (50-200 puM) of asorbic acid and a-tocopherol.
HUVECS treatment with vitamins at 37°C with air of 5% CO ,for 24 hours

Data are represented as the meanzSD of triplicatctination. *p < 0.05 compared with control (lmetabsence of vitamins)
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Figure 5. Correlation between expression and conceation of eNOS (#) and iINOS (@) in presence of high glucose (25 mM) and different
concentrations (50 — 200 pM) of ascorbic acid (A)ma a-tocopherol (B) in HUVECs

DISCUSSION

Dysfunction of endothelial cells are early manif¢isin of atherosclerosis that the most importasulteit is
cardiovascular disease (21). Diabetes mellitus nisimportant risk factor for cardiovascular dised8g(22).
Pathways of nitric oxide (NO) signaling and reaagsiof lipid oxidation are important in both the mtenance of
vascular homeostasis and the progression of vasditease. Studies biochemical and cell biologyehav
demonestrated that NO with oxidizing lipids couldad to either vascular protection or vascular injur
(23), (24). The effect of NO is dependent to amsiif NO generated at low levels by nitric oxigignthase (NOS)
can terminate propagating lipid radicals, reactioet would be protective. However, if NO generas¢clevated
levels, it can be converted to prooxidant spediasd¢an potentiate injury to vascular cells (24).

In this investigation, we showed that glucose cduolfuce the expression of eNOS and iINOS mRNA in dum
vascular endothelial cells. Glucose (25 mM) incegathe expression of eNOS 1.92-fold and iINOS 1oi@f
compare with control (5.5 mM glucose). These rasalte similar to previous studies that were repoiig
Cosentino et al. (6), Ding et al. (25), Zhu ef(26), and Srinivasan et al.(27). In addition, adow to Tesfamariam
et al. report (28) it has been shown that conceatraf high glucose is able by activating protkinase C increase
eNOS and iNOS genes expression in endothelial. dsdisording to results of this study and other stigations, we
suggest that hyperglycemia may via increase of eM@®&iINOS gene expression in human vascular enigadthe
cells, accelerate atherosclerosis in diabetic petieSeveral studies demonstrated that NO-derigadtive species,
for example, peroxynitrite (ONOY nitrogen oxide (Ng), and nitryl chloride (NGCI) have an important role in
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lipid oxidation and endothelial cells dysfunctio?9}, (30). Peroxynitrite is unique as a lipid oxitlabecause it
mediates oxidation of unsaturated fatty acids i éfbsence of transition metal catalysts (29). N&derived
reactive species is more than two orders of madeifpotent than hydrogen peroxide in catalyzinglligxidationin
vitro (31). Nitrogen oxide will both oxidize and nitrate ungated lipids (30), (32). These reactions result in
formation of a complex mixture of products incluglinitrated lipid derivatives and alkylnitrites. Thaidation of
nitrite will yield nitryl chloride, which initiatedipid oxidation and can yield on LDL particle siani to that found in
foam cells and so may be operative in atheroge((i&3)s (34).

Vaziri et al. (35) demonstrated that antioxidargrépy ameliorated hypertension in rats, as wellpagspective
studies have been shown cardiovascular benefite fatioxidant therapy (8), (9), (10). In the prdsstudy,
ascorbic acid and-tocopherol were used as protective agents aghigtglucose-induced NOS expression. It has
been shown in several studies that antioxidantscexdi vascular oxidative stress (36), (37). Adddibn ascorbic
acid increased vasodilatation of forearm resistanteries in humans with hypercholesterolemia (&&)g-term
smokers (39), essential hypertension (40), andnzoyoartery disease (41). Although numerous stutke® shown
antioxidants play a key role in oxidative stredsiliition. However, the literature concerning théeef vitamins on
the expression and concentration of NOS in preseh&égh glucose is limited. In this investigatione indicated
that treatment of HUVECs with ascorbic acid antbcopherol decreased high glucose-induced eNOSINO&G
expression.

A dose-dependent manner was observed when therdomtien of ascorbic acid and/aftocopherol was limited to
the range of 50 to 100 uM or 50 to 200 puM, respebti According to this study, optimum concentratifor
ascorbic acid and-tocopherol obtained 100 uM and 200 uM, respegtiviel presence of ascorbic acid (100 puM)
high glucose-induced eNOS and INOS expression wéibited by 74% (1.92-fold decreased to 1.1-fady 52%
(1.78-fold decreased to 1.17-fold), respectiveiocopherol (200 uM) also inhibited the expressidreNOS and
iINOS in presence of high glucose by 59% (1.92-ftddreased to 1.21-fold) and 49% (1.78-fold decbésd.22-
fold), respectively. According to these results,suggest that 100 uM ascorbic acid and 200q4t@icopherol could
restore eNOS and iNOS expression to levels obsenvgd mM glucose.

Our results are in agreement with the finding ofesal studies. For instance, Kang et al. (42) desimated thati-
lipoic acid is able to decrease eNOS expressidnldadder of rats with streptozotocin-induced diabe8imilarly,
Askwith et al.(43) also reported thiat vitro taurine treatment reduces expression of NOS in pigbose-exposed
human Schwann cells. In addition, there are othenarous studies that have been showed antioxidémts,
example, melatonin, vitamin C (44), hesperidin (48)d vitamin E (46) could decrease expression@8Nsoforms
in vitro and/orin vivo.

The mechanism of ascorbic acid artbcopherol on NOS downregulation is still unknowtawever, according to
study of Askwith et al. (43) the effect of antioaitts on NOS expression may be mediated by an &taivixaction,

as well as, they also showed which this effect ¢dad¢ mediated by carbonyl scavenging or perhapse$tpring

Ca'? signaling (43).

In the present study, we also indicated that higicage (25 mM) increase concentration of NOS proiai
HUVECs by 86%, and found that ascorbic acid antbcopherol could reduce high glucose-induced NOS
concentration in a significant and dose-dependemtrer. The effective concentration of ascorbic aoid o-
tocopherol that obtained in the present experinhesitaly was 100 uM and 200 uM, respectively. Thesailts
confirmed our previous data in this study.

Finally, this investigation showed a positive angingicant correlation between NOS protein conteith NOS
MRNA expression in HUVECs at present high glucosd ascorbic acid and-tocopherol. According to these
results, we suggest that ascorbic acid atdcopherol could decrease concentration of higitgge-induced NOS
protein in HUVECs via NOS gene downregulation. Bfiere, this is may be one of molecular mechanidms t
ascorbic acid and-tocopherol could prevent the increase in atheeossls induced by diabetes in human.

In conclusion, the results obtained in the prestuidy show that both ascorbic acid antbcopherol reduced high
glucose-induced expression of eNOS and iINOS in mueradothelial cells. These vitamins appear to Eay
important role in the regulation of NOS with a manism of action which is at least partially indegemt of an
antioxidant effect. These findings suggest molecutdchanism of these vitamins that possible préwent
intervention for diabetes-accelerated atherosdler@f course, further studies on regulation ofoalsic acid andx-
tocopherol to signaling pathway is necessary.
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