
eNOS, COX and PGIS in Diabetic Subcutaneous Arteries 217Tohoku J. Exp. Med., 2013, 231, 217-222

217

Received July 4, 2013; revised and accepted October 18, 2013.    Published online November 13, 2013; doi: 10.1620/tjem.231.217.
Correspondence: Aida Hanum Ghulam Rasool, Department of Pharmacology, School of Medical Sciences, Universiti Sains Malaysia, 

Health Campus, Kota Bharu 16150, Malaysia.
e-mail: aida@kb.usm.my

Reduced Expression of Prostacyclin Synthase and Nitric Oxide 
Synthase in Subcutaneous Arteries of Type 2 Diabetic Patients

Siti Safiah Mokhtar,1 Paul M. Vanhoutte,2 Susan W.S. Leung,2 Mohd Imran Yusof,3 
Wan Azman Wan Sulaiman,4 Arman Zaharil Mat Saad,4 Rapeah Suppian5 and 
Aida Hanum Ghulam Rasool1

1Pharmacology Vascular Laboratory, School of Medical Sciences, Universiti Sains Malaysia, Health Campus, 
Kota Bharu, Malaysia

2Department of Pharmacology and Pharmacy, Li Ka Shing Faculty of Medicine, The University of Hong Kong, 
Hong Kong SAR, P.R. China

3Department of Orthopaedic, School of Medical Sciences, Universiti Sains Malaysia, Health Campus, Kota Bharu, 
Malaysia

4Reconstructive Sciences Unit, School of Medical Sciences, Universiti Sains Malaysia, Health Campus, Kota 
Bharu, Malaysia

5School of Health Sciences, Universiti Sains Malaysia, Health Campus, Kota Bharu, Malaysia

Diabetic endothelial dysfunction is characterized by impaired endothelium-dependent relaxation.  In this 
study, we measured the expression of endothelial nitric oxide synthase (eNOS), cyclooxygenase-1 (COX-
1), cyclooxygenase-2 (COX-2), prostacyclin synthase (PGIS), and prostacyclin receptor (IP) in 
subcutaneous arteries of type-2 diabetic and non-diabetic patients.  Subcutaneous arteries were dissected 
from tissues from seven diabetics (4 males and 3 females) and seven non-diabetics (5 males and 2 
females) aged between 18 to 65 years, who underwent lower limb surgical procedures.  Diabetics had 
higher fasting blood glucose compared to non-diabetics, but there were no differences in blood pressure, 
body mass index and age.  Patients were excluded if they had uncontrolled hypertension, previous 
myocardial infarction, coronary heart disease, renal or hepatic failure and tumor.  The relative expression 
levels of eNOS, COX-1, COX-2, PGIS and IP receptor were determined by Western blotting analysis, 
normalized with the β-actin level.  Increased expression of COX-2 was observed in subcutaneous arteries 
of diabetics compared to non-diabetics, whereas the expression levels of eNOS and PGIS were 
significantly lower in diabetics.  There were no significant differences in expression levels of COX-1 and IP 
receptor between the two groups.  Immunohistochemical study of subcutaneous arteries showed that the 
intensities of eNOS and PGIS staining were lower in diabetics, with higher COX-2 staining.  In conclusion, 
type-2 diabetes is associated with higher COX-2 expression, but lower eNOS and PGIS expression in 
subcutaneous arteries.  These alterations may lead to impaired endothelium-dependent vasodilatation, and 
thus these proteins may be potential targets for protection against the microvascular complications of 
diabetes.
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Introduction
It has been estimated that 285 million (6.4%) people 

worldwide were afflicted with diabetes mellitus in 2010, 
and that diabetes would affect 439 million (7.7%) adults by 
2030 (Shaw et al. 2010).  Micro and macrovasculopathy are 
the major complications of diabetes and thus cardiovascular 
disorders (CVD) account for up to 80% of premature mor-
talities due to diabetes (Winer and Sowers 2004).

The endothelium, a monolayer of cells lining and cov-

ering the internal surface of blood vessels, plays a crucial 
role in regulating vascular tone by releasing endothelium-
derived contracting and relaxing factors.  Imbalance in the 
production of these factors is a characteristic of endothelial 
dysfunction, one key event in the development of microvas-
cular complications in human and animal models of diabe-
tes (Pieper 1998; De Vriese et al. 2000; Matsumoto et al. 
2005).  Indeed, endothelium-dependent vasodilatation is 
impaired in arterioles of humans with type-2 diabetes 
(Georgescu et al. 2011; Kizhakekuttu et al. 2012).
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Nitric oxide (NO) and prostacyclin (PGI2) are two 
major endothelium-derived relaxing factors.  NO is synthe-
sized from L-arginine, in the presence of oxygen and nico-
tinamide adenine dinucleotide phosphate (NADPH) in a 
reaction catalyzed by NO synthase (NOS).  Three NOS iso-
forms are expressed in mammalian cells: neuronal NOS 
(nNOS), endothelial NOS (eNOS), and inducible NOS 
(iNOS) (Felaco et al. 2001).  Of those, eNOS is expressed 
constitutively in endothelial cells; NO produced by eNOS 
is essential for the regulation of vascular tone (Duda et al. 
2004).  Blunted NO-mediated relaxations have been 
reported in coronary (Belmadani et al. 2008; Gao et al. 
2008) and mesenteric arteries (Lagaud et al. 2001) from 
diabetic (db/db) mice.  These observations may be due to 
the decreased expression of eNOS in the small arteries of 
diabetics.

Cyclooxygenase (COX) transforms arachidonic acid 
into prostaglandin endoperoxides (PGH2).  PGH2 is con-
verted further into PGI2 by prostacyclin synthase (PGIS), 
into thromboxane A2 (TXA2) by TXA2 synthase and into 
other prostaglandins by the respective synthases (Zou et al. 
2004).  PGI2 stimulates prostacyclin receptors (IP receptor) 
in vascular smooth muscles causing relaxation under physi-
ological conditions (Linton and Fazio 2008).  Both PGH2 
and TXA2 oppose the action of PGI2 by activation of the 
thromboxane receptors (TP receptor) in smooth muscles 
causing vasoconstriction (Vanhoutte 2011).

Two isoforms of COX have been identified in blood 
vessels.  COX-1 is constitutively expressed in a wide vari-
ety of tissues and participates in physiological responses, 
whereas COX-2 is an inducible enzyme.  In coronary arteri-
oles of humans with diabetes mellitus the expression of 
vascular COX-2 protein is increased compared to non-dia-
betics (Szerafin et al. 2006).  COX-2 is also widely 
expressed in atherosclerotic plaques and arterial walls of 
patients with atherosclerosis (Baker et al. 1999).  The 
expression levels of both COX-1 and COX-2 proteins are 
increased in the femoral arteries of diabetic rats (Shi and 
Vanhoutte 2008).

There is a lack of information on the expression levels 
of COX-1, PGIS and IP receptor proteins in the microcircu-
lation of diabetic patients.  Thus, the present study aims to 
determine the expression levels of eNOS, COX-1, COX-2, 
PGIS and IP receptor proteins in subcutaneous arteries of 
diabetic patients compared to non-diabetic controls.  
Information gained may help to elucidate the roles of these 
proteins in the development of endothelial dysfunction in 
the human diabetic microcirculation (Szerafin et al. 2006; 
Georgescu et al. 2011).

Materials and Methods
Patient Characteristics

This study was approved by the Human Ethical Committee of 
Universiti Sains Malaysia; work conducted in this study conformed to 
the provisions of the Declaration of Helsinki.  All of the patients gave 
their informed consent to participate in this study, which was con-

ducted at the Universiti Sains Malaysia Hospital.  Subcutaneous tis-
sues were obtained from patients who underwent lower limb surgical 
procedures such as wound debridement, amputations, fracture stabili-
zation and skin grafting.  Specimens from patients who were operated 
on for any tumors were excluded.  Subjects consisted of seven 
patients with type-2 diabetes mellitus (4 males and 3 females) while 
the controls consisted of seven non-diabetic subjects (5 males and 2 
females).  All patients were between 18 to 65 years of age.  Patients 
were excluded if they had uncontrolled hypertension, previous myo-
cardial infarction, coronary heart disease and renal or hepatic failure.  
Evaluation of patients consisted of a physical examination, determi-
nation of body mass index (BMI) and measurements of systolic (SBP) 
and diastolic (DBP) blood pressures.  Blood was collected to analyze 
the fasting blood glucose (FBG).

Protein preparation and Western blot analysis
Subcutaneous tissues were transported to the laboratory in ice 

cold physiological saline solution (PSS).  They were dissected and 
homogenized in the lysis buffer (NaCl 150 mM, Tris 50 mM, 
Triton-X 1%, sodium dioxycholate 10%, sodium dodecyl sulfate 
(SDS) 0.1%, ethylenediaminetetraacetic acid (1 mM) and a protease 
inhibitor cocktail 0.05% (Sigma Chemical Co., St Louis, MO, USA).  
Samples were then centrifuged at 3,000 g for 20 minutes at 4°C, and 
the supernatants were collected.  Protein concentrations were deter-
mined using the Bradford assay.  In all immunoblot experiments, the 
same amount of protein was loaded in each lane of 10% SDS-
polyacrylamide gel.  After electrophoresis, proteins were electro-
transferred to polyvinylidene difluoride (PVDF) Immobilon mem-
branes (Millipore Corp., Billerica, MA, USA) and incubated for two 
hours at room temperature with primary antibodies against eNOS 
(1:15,000 Abcam, Cambridge, UK), COX-1 (1:10,000; Abcam), 
COX-2 (1:10,000; Abcam), PGIS (1:10,000; Abcam) and IP receptors 
(1:10,000; Abcam).  The same blot was stripped and then reprobed 
with other proteins.  To normalize for the amount of proteins, β-actin 
was used as a loading control (1:10,000; Sigma Chemical Co.).  
Membranes were then incubated in horseradish peroxidase (HRP)-
conjugated polyclonal secondary antibody, (1:10,000; Abcam) in 
blocking buffer for one hour at room temperature.  Membranes were 
incubated with an Immobilon Western chemiluminescent HRP sub-
strate (Millipore Corp.) for five minutes and exposed to CL-Xposure 
films (Thermo Fisher Scientific, Rockford, IL, USA).  The intensity 
of protein bands representing the amount of proteins was measured 
with Image J software (http://rsb.info.nih.gov/ij/).  The relative pro-
tein presence of eNOS, COX-1, COX-2, PGIS or IP receptors was 
expressed as percentage of the total amount of protein (indicated by 
the intensity of protein band for β-actin) in the same patient sample 
(Sugimura et al. 2010; Lee and Lee 2011).

Immunohistochemistry
Subcutaneous skin samples were fixed and processed for 18 

hours with 4% paraformaldehyde solution in PBS at pH 7.4 and 
embedded in paraffin.  Samples were cut to 5 µm thick slices, and 
collected on poly-L-lysine slides; they underwent de-paraffinization 
in xylene and rehydration in graded alcohol solutions.  Endogenous 
peroxidases were blocked by 0.3% hydrogen peroxide and antigen 
retrieval was performed in citrate buffer, pH 6.0.  Primary antibodies 
against eNOS (1:100), COX-1 (1:200), COX-2 (1:200), PGIS (1:100) 
and the IP receptor (1:100) were diluted with PBS-T and incubated on 
slides for two hours at room temperature.  After having been rinsed 
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two times for five minutes with PBS-T solution, the slides were incu-
bated with secondary antibody conjugated to HRP (1:200) for one 
hour at room temperature.  The immunoreactions were visualized 
using 3, 3′diamino-benzidine-tetrahydrochloride substrate (DAB) 
(Roche, Mannheim, Germany).

Data Analysis
The Statistical Package for Social Sciences software for 

Windows, Version 20.0 (SPSS Inc. 2011) was used to analyze the 
data.  In all cases, n refers to the number of patients.  Differences 
between the two groups were assessed by independent t-test.  All data 
were expressed as the mean ± standard deviation.  Differences were 
considered significant at p < 0.05.

Results
Patient characteristics

The diabetic patients were slightly older than the non-
diabetic controls; however the difference was not statisti-
cally significant (Table 1).  The FBG concentration was sig-
nificantly higher in the diabetic patients (Table 1).  BMI and 
BP did not differ between the groups.  One patient in the 
diabetic group was treated for hypertension and hyperlipid-
emia.  All patients in the diabetic group took hypoglycemic 
drugs.  None of the patients in the non-diabetic control 
group was taking any regular medication.

Western blotting
Western blot analysis demonstrated that the expression 

levels of eNOS and PGIS were significantly lower in the 
subcutaneous arteries from diabetic patients compared to 
non-diabetic controls (Fig. 1A and B): eNOS expression, 
diabetic 13.7 ± 3.8% vs. non-diabetic 26.9 ± 1.8% ( p < 
0.001); and PGIS, diabetic 14.2 ± 4.3% vs. non-diabetic 
21.6 ± 5.1% ( p = 0.013).  COX-2 expression was signifi-
cantly higher in the subcutaneous arteries from diabetic 
patients compared to non-diabetic controls (diabetic 23.5 ± 
5.7% vs. non-diabetic 11.4 ± 2.9%, p < 0.001).  The expres-
sion levels of COX-1 and IP receptor proteins were not sig-
nificantly different in the subcutaneous arteries from both 
groups: COX-1, non-diabetic 12.6 ± 2.6% vs. diabetic 14.2 

± 2.6% (p = 0.264); and IP receptor, non-diabetic 8.5 ± 
1.6% vs. diabetic 7.66 ± 1.3% (p = 0.308).

Immunohistochemistry
Immunohistochemical analysis demonstrated that the 

intensities of immunoreactive eNOS and PGIS protein were 
higher in the subcutaneous arteries of the non-diabetic con-
trols compared to the diabetic patients (Fig. 2).  The inten-
sity of immunoreactive COX-2 protein was higher in the 
arteries of diabetic patients compared to the non-diabetic 
controls.  There were no significant differences in the 
COX-1 and IP proteins staining between the groups.

Discussion
The results from this study show that the expression of 

eNOS and PGIS proteins is decreased, but that of the 
COX-2 protein is increased in the subcutaneous arteries of 
the diabetic patients compared to the non-diabetic controls.

The decreased eNOS protein expression observed in 
the subcutaneous arteries of diabetic patients may be related 
to the high plasma glucose levels, often associated with dia-
betes.  The eNOS protein expression in cultured human 
coronary arterial and aortic endothelial cells incubated in 
media containing a high glucose concentration (25 mM) is 
reduced compared to that in the lower glucose concentra-
tion (5.5 mM) (Ding et al. 2000; Srinivasan et al. 2004).  In 
cultured human aortic endothelial cells, hyperglycemia 
increased mitochondrial production of reactive oxygen spe-
cies (ROS).  Mitochondrial ROS, in turn, activate the tran-
scription factor activator protein (AP-1) to bind to DNA.  
This binding inhibits the transcription of the eNOS gene, 
thus resulting in the reduction of eNOS protein expression 
(Srinivasan et al. 2004).  Reduction in eNOS protein 
expression in diabetes may lead to the loss of vasodilator 
responses.  This conclusion is supported by the reduced 
endothelium-dependent vasodilatation observed in subcuta-
neous arterioles of patients with type-2 diabetes (Georgescu 
et al. 2011).  This reduction was associated with decreased 
eNOS protein expression and reduced endothelial NO pro-

Table 1.  Patient Characteristics.

Characteristics Non-Diabetic
(n = 7)

Diabetic
(n = 7) p value

Sex (Male/Female) 5/2 4/3
Age (year)  39 ± 12.7 49 ± 4.8 0.110
SBP (mmHg) 129 ± 5.5 129 ± 8.5 0.520
DBP (mmHg) 81 ± 4.0  75 ± 10.9 0.224
Weight (kg) 67 ± 6.4 68 ± 7.6 0.748
Height (cm) 162 ± 7.6 159 ± 5.5 0.367
BMI (kg/m2) 25 ± 1.5 26 ± 1.6 0.277
FBG (mmol/l) 4.8 ± 0.5  9.7 ± 2.5* 0.002

Data are expressed as mean ± s.d.  *p < 0.05, diabetic patients compared to non-diabetic controls.  
SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass Index; FBG, fasting blood 
glucose.
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duction (Georgescu et al. 2011) and altered mitochondrial 
function (Kizhakekuttu et al. 2012).

The present immunohistochemical study and Western 
blotting analysis demonstrates increased COX-2 protein 
expression in the small arteries of diabetic patients.  These 
findings are in accordance with an immunohistochemical 
study performed on coronary arterioles of diabetic patients 

compared to healthy controls (Szerafin et al. 2006).  
Increased COX-2 protein expression may result from the 
increased production of oxidative stress in diabetes.  In 
human aortic endothelial cells cultured in high glucose 
medium, the production of superoxide anions was increased 
and this was associated with increased COX-2 protein 
expression (Cosentino et al. 2003).  Superoxide anion pro-

Fig. 1.  Western blot analysis of proteins in the subcutaneous arteries of non-diabetic controls and diabetic patients.
 (A) Western blot demonstrated the expression of eNOS, COX-1, COX-2, PGIS and IP receptor proteins from seven dia-

betic and seven non-diabetic controls.  (B) Graphical representation of the data, normalized to β-actin, is shown as the 
mean percentage ± s.d. (n = 7).

 *P < 0.05 diabetic patients compared to non-diabetic controls.

A

B

Fig. 2.  Immunohistochemical analysis of proteins in subcutaneous arteries of non-diabetic controls and diabetic patients.
 Immunohistochemical staining of eNOS, COX-1, COX-2, PGIS and IP receptor proteins in the subcutaneous arteries of 

representative diabetic patients and non-diabetic controls.  The number shown in the box at the top left side of each tis-
sue section indentifies the patient from which the subcutaneous arteries were obtained (which corresponds to patient 
numbers on the top of the Western blot in Fig. 1A).  Brown staining indicates expression of respective proteins (red  
arrows).  Magnification 20 ×.
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duction was also increased in the coronary arterioles of dia-
betic patients (Guzik et al. 2002).  Increased expression of 
COX-2 protein (Bagi et al. 2005; Guo et al. 2005; Shi et al. 
2007) and increased production of superoxide anions 
(Winer and Sowers 2004; Shi et al. 2007; Shi and Vanhoutte 
2008) also occur in vascular tissues of different animal 
models of diabetes mellitus.  Increased COX-2 protein 
expression may also result from low-grade inflammation 
associated with diabetes (Szerafin et al. 2006).  Pro-
inflammatory cytokines such as tumor necrosis factor-α and 
interleukin-1α/β can enhance the transcription of the 
COX-2 gene and increases the protein level of COX-2 
(Mitchell et al. 1995; Bagi et al. 2006).

In the coronary arterioles of diabetic patients, up-regu-
lation of COX-2 protein is associated with increased vaso-
dilatation most likely due to an increased production of 
dilator prostaglandins (Szerafin et al. 2006).  This may 
serve as a compensatory mechanism to maintain an ade-
quate blood supply to the cardiac tissue of diabetic patients 
whose coronary blood vessels may be narrowed or dis-
turbed by the disease process (Szerafin et al. 2006).  While 
a similar compensatory up-regulation of COX-2 protein 
expression and activity opposing endothelial dysfunction 
was observed in the mesenteric vascular bed of mice with 
type-1 diabetes (Nacci et al. 2009), in mice with type-2 dia-
betes, the up-regulation of COX-2 enhances the synthesis 
of the vasoconstrictors PGH2 and TXA2 in the aorta (Guo et 
al. 2005) and skeletal muscle resistance arteries (Bagi et al. 
2005).

Although PGI2 as a rule is a vasodilator and an anti-
aggregating agent, depending on the circumstances, PGI2 

can also act as an endothelium-derived contracting factor 
(Feletou et al. 2011; Vanhoutte 2011).  In the aorta of spon-
taneously hypertensive rats (SHR), endothelium-dependent 
contractions most likely involve the action of PGI2 stimu-
lating TP receptors (Gluais et al. 2005, 2006; Feletou et al. 
2009).  The absence of relaxation in response to PGI2 has 
been attributed to an early dysfunction of IP receptors in 
vascular smooth muscles in this hypertensive rat model 
(Numaguchi et al. 1999; Feletou et al. 2011).  The present 
study shows the availability of IP receptors for the action of 
PGI2 in subcutaneous arteries of both diabetic patients and 
non-diabetic controls.  Indeed, no difference was found in 
the IP receptor protein presence between the two groups.  
Although there were no changes in the expression of the IP 
receptor protein in diabetic patients, the present results do 
not rule out differences in responsiveness of these receptors 
to the action of PGI2 at the level of the microcirculation.

No information seems available as regards to the 
expression of PGIS protein in human subcutaneous arteries.  
In the present study, this expression was higher in non-dia-
betic controls compared to diabetic patients.  One possible 
mechanism, by which PGIS protein expression is decreased 
in diabetes mellitus, is through the action of peroxynitrite 
(Souza et al. 2000).  Indeed, exposure of endothelial cells to 
high glucose concentration increases the release of superox-

ide anions (O2
• −) (Zou et al. 2002).  Peroxynitrite is a potent 

oxidant formed by the reaction of O2
• − and NO.  It reduces 

the expression of PGIS protein in endothelial cells (Cooke 
and Davidge 2002).  It also inactivates PGIS at concentra-
tions as low as 50 nM through a tyrosine-nitration depen-
dent mechanism (Zou et al. 2002, 2004).  Nitration of tyro-
sine residues in certain proteins such as PGIS results in 
proteolytic degradation of the protein (Souza et al. 2000).  
Reduction of PGIS protein activity and/or expression 
results in the accumulation of its precursor, PGH2, which 
activates their receptors (TP receptor) in vascular smooth 
muscles causing vasoconstriction (Zou et al. 2002; Feletou 
et al. 2011; Vanhoutte 2011).

In conclusion, type-2 diabetes mellitus is associated 
with higher COX-2 protein expression but lower eNOS and 
PGIS protein expression in human subcutaneous arteries.
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