
Sildenafil improves diabetic vascular activity through
suppressing endothelin receptor A, iNOS and NADPH
oxidase which is comparable with the endothelin receptor
antagonist CPU0213 in STZ-injected ratsjphp_1268 943..951

Lu Luoa, De-Zai Daia, Yu-Si Chenga, Qi Zhangb, Wen-Jun Yuanc,d and
Yin Daia

aFaculty of Pharmacy, China Pharmaceutical University, bCollege of Life Science and Pharmaceutical
Engineering, Nanjing University of Technology, Nanjing, cDepartment of Physiology and Key Lab of
Ministry of Education in Fertility Preservation and Maintenance (Ministry-Region Sponsored), Ningxia
Medical University, Ningxia and dDepartment of Physiology, Second Military Medical University,
Shanghai, China

Abstract

Objectives Abnormal vascular activity in diabetes is related not only to impaired nitric
oxide bioavailability but also to inflammatory cytokines, endothelin A receptor (ETA) acti-
vation and NADPH oxidase in the vasculature. The potential role of sildenafil in improving
vascular function was investigated. Its action was likely blocking upregulated ETA and
NADPH oxidase, and was compared with the endothelin receptor antagonist CPU0213.
Methods Diabetes was induced by single-dose administration of streptozotocin (65 mg/
kg, i.p.) to rats and the vascular activity of the thoracic aorta was measured.
Key findings An increase in contractile tone to phenylephrine and a decrease in relaxant
tone to acetylcholine was found in the thoracic aorta. Oxidative stress was evident by
increased malondialdehyde and reduced glutathione peroxidase levels in serum and upregu-
lation of ETA, MMP-9 (matrix metalloproteinase-9), inducible nitric oxide synthase and
NADPH oxidase p67phox were found in the vascular wall. The vascular abnormalities and
abnormal biomarkers were attenuated significantly by either sildenafil or CPU0213 along
with an improvement of nitric oxide bioavailability and vascular activity.
Conclusions Improvement of diabetic vascular abnormal activity by sildenafil results from
its suppression of activation of ETA and NADPH oxidase in the vasculature, and these
actions are comparable with those of the endothelin receptor antagonist CPU0213.
Keywords diabetes; endothelin receptor antagonists; inflammatory cytokines; sildenafil;
vascular relaxation

Introduction

Vascular abnormality due to endothelial dysfunction contributes to cardiovascular compli-
cations covering about 80% of morbidity and mortality in diabetes mellitus.[1] Concerning
the vascular abnormality, there are at least two basic events implicated: reduced nitric oxide
(NO) bioavailability and increased inflammatory factors in the vasculature. NO bioavail-
ability, as an indicator for endothelial function, is greatly reduced in the diabetic vascular
bed and sildenafil, an inhibitor for phosphodiesterase type 5 (PDE-5), elevates vasodilator
activity by an increase in NO bioavailability through upregulation of NO-cGMP signalling.[2]

Inflammatory reactions in the vascular beds caused by hyperglycaemia greatly impair the
vascular activity in diabetes. Endothelin-1, as a major vasoconstrictive substance interacting
with NO, contributes to vascular abnormality while overactivation of endothelin receptor
A (ETA) occurs in diabetes. Inhibition of ETA produces an enhanced vasorelaxation resulting
from elevated NO bioavailability.[3,4] Either selective or non-selective, ET receptor antago-
nists blunt the impairment in diabetic vascular activity.

An increase in advanced glycation end products by hyperglycaemia plays a critical role
in inducing abnormal vascular activity by activating inflammatory factors, including cytok-
ines (ET-1) and reactive oxygen species (ROS). Accordingly, blood-sugar-lowering agents
appear to be the drugs of choice in reducing vascular complications by lowering HbA1c.
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However, data from clinical trials do not encourage the
idea.[5,6] Intensive control of hyperglycaemia, even reducing
HbA1c levels to 6%, does not relieve the vascular complica-
tions or increase life span.[7] This indicates that the reduced
survival rate of diabetic patients appears to be related to the
vascular complications due to endothelial dysfunction, rather
than hyperglycaemia per se.

Compromised vascular activity is initiated by either hyper-
cholesterolaemia or diabetes.[8] The impaired vascular activity
in diabetes is multifaceted, mainly due to inflammatory cytok-
ines, such as elevated ETA, NADPH oxidase, ROS, matrix
metalloproteinase-9 (MMP-9) and protein kinase e (PKCe).
These changes may be caused hyperglycaemia or hypercho-
lesterolaemia alone, with decreased NO availability and
impaired renal function.[9]

A reduction in NO availability, associated with increased
levels of ROS in diabetic tissues, is sourced from an impaired
mitochondrial electron-transport chain[10] and an activation of
NADPH oxidase mediated by activated ETA

[11,12] NADPH
oxidase is considered to be the main source of ROS, not only
in non-phagocytic cells but also in vascular smooth muscle
cells, endothelial, tubular and glomerular cells and cardiac
fibroblasts.[13] ET-1, growth factors, cytokines and high sugar
serve as activators to NADPH oxidase, leading to excessive
production of ROS linked to insulin resistance and diabetic
complications.[14] Upregulated NADPH oxidase in diabetic
blood vessels is relieved dramatically by a dual endothelin
receptor antagonist, CPU0213.[4] Inducible nitric oxide syn-
thase (iNOS) generates non-physiological NO as much as
1000 times the physiological level[15] and is suppressed by
CPU0213.[16] The therapeutic effects of endothelin receptor
antagonists are predominant in blunting the upregulated
pro-inflammatory changes and abnormal vascular activity in
diabetes, without a blood-glucose-lowering effect.[12,17]

Sildenafil, a PDE-5 inhibitor, improves vasodilatation by
accumulation of NO in the vasculature, associated with a relief
of diabetic vascular abnormalities.[18] However, the sensitivity
to sildenafil of the cavernosal vascular structure in diabetic
patients with erectile dysfunction (ED) is reduced as compared
with that in non-diabetic subjects.[19,20] It is interesting to
investigate whether the responsiveness of diabetic vascular
activity to sildenafil is reduced due to the inflammatory cytok-
ines in the vascular structure. We hypothesized that sildenafil
could mitigate upregulated inflammatory cytokines in vascular
wall, including iNOS, MMP-9, NADPH oxidase, p67phox
and ETA, caused by hyperglycaemia, in the same way as
CPU0213. In this study, we investigated whether sildenafil is
as potent an ET antagonist as CPU0213 in suppressing the
pro-inflammatory factors in the vasculature contributing to a
recovery of vascular activity in streptozotocin-injected rats.

Materials and Methods

Drugs and reagents
CPU0213 (Figure 1) was provided by the Laboratory of
Medical Chemistry at China Pharmaceutical University.
Streptozotocin (STZ, Lot No. LotB56981) was purchased
from Sigma Co. (St Louis, MO, USA), preserved at -20°C
and dissolved in citric acid buffer before use. Sildenafil hydro-
chloride (sildenafil) was purchased from Sigma Co. Isoprot-

erenol injection (Lot no. 6 E20005) was purchased from
Shanghai Hefeng Pharmaceutical Co. Ltd (Shanghai, China).
Injectable sodium nitroprusside (Lot No. 060401) was pur-
chased from the Beijing Shuanghe Modern Medical Technol-
ogy Co. Ltd (Beijing, China). Acetylcholine (ACh, Lot No.
20030620) was purchased from Shanghai Sanaisi Reagent Co.
Ltd (Shanghai, China). Noradrenaline (Lot No. 122 F-0340)
was purchased from Sigma Co. Phenylephrine (Lot No. 103
H-0073) was purchased from Sigma Co. L-N (omega)-nitro-
arginine (L-NNA, Lot No. 32H-0038) was purchased from
Sigma Co. Kits for measuring triglyceride (TG), cholesterol,
malondialdehyde (MDA) and glutathione peroxidase
(GSH-Px) (Lot No. 20070625) were purchased from Nanjing
Jiancheng Biological Engineering Institute (Nanjing, China).
Trizol, AMV reverse transcriptase, dNTP, oligo d(T)18, Taq
enzyme and RNase inhibitor were purchased from Promega
Corporation (Madison, WI, USA).

Animals
Sixty male Sprague–Dawley (SD) rats, 180–200 g, were
obtained from the Experimental Animal Center of Zhejiang
province (qualified No. SCXK (SU) 2006-0018). All experi-
ments were carried out in agreement with the Guidelines
for the Care and Use of Laboratory Animal approved by the
Bureau of Science-Technology of Jiangsu Province, China.

Streptozotocin-injected rats
SD rats, fasted overnight, were injected with single dose of
STZ (65 mg/kg, i.p.), following previous practice.[11] On the
7th, 14th, 21st and 28th day after the STZ injection, fasting
plasma glucose levels were measured and the glucose levels
higher than 16.7 mmol/l on the 7th day were recognized as
diabetes. At the beginning of the 5th week, rats injected with
STZ were randomly divided for drug interventions for 4
weeks: sildenafil (12 mg/kg/day, p.o.) and CPU0213, a dual
endothelin receptor antagonist (30 mg/kg/day, s.c.), respec-
tively. Based on previous reports, the dose of sildenafil[21]

and CPU0213[9,11,12] was chosen. The normal and diabetic
untreated groups were given the same volume of distilled
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Figure 1 Chemical structure of CPU0213.
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water. At the beginning of the 9th week, the vascular activity
and biomarkers were measured.

Vascular activity
Thoracic aorta was harvested and cut into 3-mm arterial rings,
which were placed in Krebs–Hensleit (KH) solution gassed
with 95% O2 and 5% CO2 and the vascular tension was
recorded according to previous practice.[12] An equilibration
time of 2 h was employed during which KH solution was
changed every 20 min while the rings were under 1 g tension
and were pretreated twice with noradrenaline (1 mmol/l).
Phenylephrine (10-9 to 10-5 mol/l) was then added to generate
cumulative dose–response curves. In separate experiments the
maximum contraction of arterial rings to phenylephrine was
recorded after being incubated with L-NNA at 10-4 mol/l for
30 min. The AUC (area under the curve) of the two curves
was calculated and compared. The difference between the two
curves was taken to measure NO bioavailability, indicating
the basal release of NO from the endothelium, which was
compared among groups. When the constriction of the vascu-
lar rings had reached a stable plateau to phenylephrine
(1 mmol/l), acetylcholine (Ach, 10-9 to 10-5 mol/l) was added
to measure and compare the cumulative relaxation. Similarly,
in separate vascular rings, sodium nitroprusside (10-11 to
10-6 mol/l) was finally added to induce maximum relaxation
in a dose-dependent manner.

Biochemical measurements in serum
Bioactive substances glucose, TG, cholesterol, MDA and
GSH-px were measured in serum, according to the instruc-
tions in the assay kits, respectively.

Reverse transcription-polymerase chain
reaction (RT-PCR)
A portion of 100 mg aorta was dissected and homogenized
in 1 ml of Trizol and the PCR was conducted accordingly.[11]

Briefly, into the homogenate, 200 ml of chloroform was
added, then mixed and centrifuged at 4°C for 15 min
(10 000g). The supernatant was collected after several steps
for extraction of the dried RNA and the concentration was
determined with a UV spectrophotometer. Finally, RNA of
adjusted concentration was transcribed into cDNA, which was
preserved at -20°C. Semi-quantitative mRNA expression
of ETA, iNOS, MMP-9, NADPH p67phox and 18S was
carried out by using sense primers and antisense primers:
sense: 5′-ATCGCTGACAATGCTGAGAG-3′, and antisense:
5′-CCACGATGAAAATGGTACAG-3′ for ETA; sense:

5′-ATCCCGAAACGCTACACTT-3′ and antisense: 5′-
TCTGGCGAAGAACAAATCC-3′, for iNOS; sense: 5′-CGT
GGCCTAGTGACCTATG-3′ and antisense: 5′-GGATAGC
TCGGTGGTGTCCT-3′ for MMP-9; and sense: 5′-GAA
AGCATGAAGGATGCCTGG-3′ and antisense: 5′-ATAGCA
CCAAGATCACATCTCC-3′ for NADPH oxidase p67phox;
sense: 5′-GCTGCTGGCACCAGACTT-3′ and antisense:
5′-CGGCTACCACATCCAAGG-3′ for 18S. Products were
resolved on 2% agarose gel followed by ethidium bromide
staining and a semi-quantitative assay for the images was
conducted as previously described.[11]

Western blot
Western blot analysis was performed according to previous
practice.[11] Briefly, thoracic aortic rings were homogenized in
400 ml of lysis buffer and the homogenate was centrifuged
(10 000g) at 4°C for 20 min. Supernatant was loaded into
another tube, preserved at -20°C for subsequent use. In 10%
sodium dodecyl sulfate–polyacrylamide gel electrophoresis,
these prepared samples were transferred onto cellulose nitrate
film, and incubation with the first antibodies (from Wuhan
Boster Biological Technology, Wuhan, China) was performed
for a further hour. After three washes, the blots were incubated
with horseradish peroxidase-conjugated goat secondary
antibody immunoglobulin G (1 : 1000; Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) for an additional 1 h. A linear
relationship between blot density and protein load was
observed when 20, 40, 60, 80 and 100 mg of membrane
protein were used per lane.

Statistical analysis
All data are expressed as mean � SD. The between-group
comparison was performed with single-factor analysis of vari-
ance test. P < 0.05 was considered as a statistically significant
difference.

Results

Serum biochemical measurements
In the STZ-injected rats blood glucose rose significantly from
7.5 � 1.6 mmol/l to 29.0 � 3.0 mmol/l (P < 0.01), and the
reduction in body weight was significant (295 � 14 g vs
197 � 13 g) (P < 0.01). These changes did not respond to
interventions with either sildenafil or CPU0213. Meanwhile,
hypercholesterolaemia and hypertriglyceridaemia were
evident and sustained (Table 1), whether or not the inter-
ventions were constituted (Table 1). An increase in serum

Table 1 Biochemical changes in serum were found in streptozotocin-injected rats

Total cholesterol
(mmol/l)

Triglycerides
(mmol/l)

MDA (nmol/l) GSH-px (U)

Control 1.56 � 0.13 0.68 � 0.11 6.5 � 1.8 1998 � 156
STZ injected 4.84 � 0.50** 1.51 � 0.19** 15.8 � 2.9** 1552 � 153**
STZ + CPU0213 3.81 � 0.84** 1.33 � 0.22** 9.9 � 2.3*,*** 1658 � 123****
STZ + sildenafil 4.24 � 0.75** 1.41 � 0.28** 11.4 � 2.2*,*** 1800 � 275***

GSH-px, glutathione peroxidase; MDA, malondialdehyde. Data are mean � SD; n = 6. *P < 0.05, **P < 0.01, compared with control; ***P < 0.05,
****P < 0.01, compared with STZ injected.
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MDA production was associated with a decrease in activity of
GSH-px, indicating a status of oxidative stress which was
attenuated by either CPU0213 or sildenafil in STZ-injected
rats (Table 1).

Vascular activity
The cumulative vasoconstrictive curves showed an increase in
vascular tension to phenylephrine of the isolated thoracic
aortic rings from the STZ-injected rats relative to control
(Figure 2a). The maximum contractile tension of normal
thoracic aortic rings was 1.06 � 0.18 g, while the tension
was elevated to 1.59 � 0.29 g (P < 0.01) in diabetic tissue.
The increased vascular tone was reduced by CPU0213

(1.21 � 0.19 g, P < 0.05) and sildenafil (1.24 � 0.23 g,
P < 0.05), respectively. The reduced vasodilator activity to
Ach was significant in the STZ-treated rats, and was improved
significantly by CPU0213 and sildenafil (Figure 2b). The
relaxation to nitroprusside was significant, although no
change was found among groups (Figure 2c).

Nitric oxide bioavailability
A decreased NO bioavailability occurred in the thoracic aortic
rings as assessed by comparing the AUC (area under the
curve) of the cumulative constriction curves in the presence
and absence of L-NNA. NO bioavailability in STZ-injected
rats was reduced to 37.3% of the control group (P < 0. 01),
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indicating that the basal release of NO in the diabetic vascular
endothelium was significantly compromised. After treatment
with either CPU0213 or sildenafil, NO bioavailability was
increased significantly (Figure 3).

ETA, NADPH oxidase, iNOS and MMP-9
ETA was apparently activated in the STZ-injected group, as
shown by upregulated mRNA of ETA relative to control
(P < 0.01). In addition, mRNA abundance of inflammatory
factors iNOS, NADPH oxidase p67phox and MMP-9
increased significantly (P < 0.01), in the vascular wall, and
was suppressed significantly by either CPU0213 or sildenafil
(Figure 4). These changes were confirmed by an increase in
the abundance of proteins of these biomarkers in the aortic
vasculature. CPU0213 and sildenafil acted effectively to sup-
press these changes (Figure 5).

Discussion

The vascular abnormality found in diabetic patients character-
ized as reduced flow-dependent vasodilatation is consistent
with the previous findings in STZ-injected rats.[4] An increase
in MDA and a decrease in GSH-px indicate a state of inflam-
matory reactions that may contribute to dysfunction of vascular
endothelium in STZ-injected rats. Therapies interrupting
the abnormal redox pathways in vascular tissue are helpful
in preventing and attenuating cardiovascular complications
in the diabetic population.[22] Regarding the overt hypergly-
caemia in the STZ-injected rats, an increase in advanced

glycation end products stimulates an increase in ROS, inflam-
matory factors and cytokines and those in turn are responsible
for further increasing the genesis of ROS and inflammatory
reactions.Activated iNOS plays an important role in mediating
tissue damage through forming OONO-• by a combination of
ROS with NO and a suppressive effect on the upregulated
iNOS leads to an amelioration of abnormal vascular activity.[23]

The compromised responses to Ach were improved by
CPU0213, an endothelin receptor antagonist, partly through
normalizing iNOS expression in the vasculature. Sildenafil
attenuates the activated iNOS as does CPU0213.

Vascular abnormality appears to be consequent to endot-
helial dysfunction through decreased NO bioavailability in
association with activated ETA. The basal release of NO from
the vascular endothelium was reduced, as assessed function-
ally by reduced NO availability, which is related to either
depressed activity of endothelial NOS or activated inflamma-
tory factors. Vascular endothelial function is sensitive to oxi-
dative stress and in this regard, an activated ETA system plays
an important role in stimulating production of ROS. Thus,
endothelin receptor antagonists are effective in recovering
NO bioavailability and vascular endothelium function by
suppressing ROS genesis in diabetes.[4,12]

NADPH oxidase serves as the main source of ROS in
diabetic complications and a blockade of ET receptors by
CPU0213 leading to suppressed NADPH oxidase mitigates
changes in diabetic nephropathy[11] and testopathy,[21] and
stress-induced cardiomyopathy and vasculopathy.[24] There are
two portions of NADPH oxidase, the catalytic (gp91, NOX4,
NOX1) and modulatory subunits (p22phox, p47phox and
p67phox). NADPH oxidase p67phox is located in the cytosol
and on the appearance of inducers such as ET-1, is activated to
move to the membrane to complete the activation process by
combining with other subunits. The ageing-related impaired
cerebrovascular dilatation is due to an increase in p67phox
proteins,[25] which is responsible for the oxidative stress involved
in the diabetic vascular wall. Concerning the two receptors
of ET-1 in activating NADPH oxidase, both ETA and ETB are
active in stimulating NADPH oxidase p67phox, while the role of
ETA is more dominant than ETB in cardiac fibroblasts.[13] In this
study we confirmed that a dual endothelin receptor antagonist,
CPU0213, suppresses upregulated NADPH oxidase p67phox
to relieve the oxidant stress and impaired vascular activity.
By antioxidative activity an aldose reductase inhibitor
(new pyrido[1,2-a]-pyrimidin-4-one derivative, PPO) relieves
ischaemic injury in diabetic and non-diabetic hearts and it could
share a suppression on NADPH oxidase in the myocardium
but further verification is needed.[26]

A significant overexpression of MMP-9 is found in pro-
gressive lesions in the atherosclerotic carotid wall caused by
hypercholesterolaemia, especially in the shoulder and cap
sub-regions of atheroma resulting in an unstable plaque and
an upregulated MMP-9 represents a status of inflammatory
reaction relating to activated NADPH oxidase in the vascular
wall.[27] Abnormal degradation of the extracellular matrix in
vascular wall is present in atherosclerosis and diabetes melli-
tus. Abnormal MMP-9 expression as a causal factor adversely
affects the normal interaction between cells and the extracel-
lular matrixes, and promotes vascular smooth muscle cells
(VSMCs) to release soluble Fas ligand and tumour necrosis
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factor (TNF), both of which induce further damage to VSMCs
by apoptosis and remodelling of the vascular structure.[27]

MMP-2 and MMP-9 are upregulated in cardiac fibroblasts
during isoproterenol stimulation and both ETA and ETB block-
ers and the dual ET blocker CPU0213 were capable of
mitigating these changes.[13]

Additionally, an increased expression of MMP-9 leads to
an impairment of Cx43 (connexin 43) in mediating intercel-
lular gap junction communications in diabetic vasculature.[28]

Certainly, dysfunctional activity in diabetic vascular beds
is mediated by downregulation of Cx43 and Cx40, while
upregulation of MMP-9 is present.[29] Upregulated MMP-9

may interfere with small molecules moving through the gap
communications via intercellular connexins contributing to
vascular remodelling and dysfunction in diabetes.

Suppression of NADPH oxidase or an antioxidant activity
may ameliorate vascular dysfunction. Some active compo-
nents sourced from plant origin having anti-inflammatory and
antioxidant activity are worth testing for their potential
in attenuating the inflammatory reactions in diabetic
vasculature.[30,31]

By inhibiting PDE-5, sildenafil improves NO bioavailabil-
ity and vascular dilatation markedly. Sildenafil suppresses
oxidant stress in diabetic mouse heart[32] and relieves erectile
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dysfunction in diabetes, as compared with placebo.[33,34]

However, lower responsiveness of erectile dysfunction to
sildenafil has been found in diabetic patients[35] and can be
reinstituted by a supplement of testosterone preparation.[20]

Data in this study demonstrate that sildenafil administra-
tion improves vascular activity in a manner resembling that of
the endothelin receptor antagonist CPU0213, by normalizing
the abnormal biomarkers in the vascular wall. These findings
are consistent with those of chronic medication with sildena-
fil.[36] The antioxidant and anti-inflammatory activity of
sildenafil therapy can be further improved by combination
with an antioxidant agent in treating diabetic erectile dysfunc-
tion[37] and this observation may support the findings that the
abnormal biomarkers in the cavernosal vascular structure
show no response to sildenafil alone (unpublished data). The
responses of diabetic aortic rings to sildenafil are positive,
although it is complicated and the difference between effec-
tiveness of diabetic cavernosal vascular and aortic vascular

structure to sildenafil may be tissue-dependent, possibly
mainly due to local inflammatory reactions. A combination of
sildenafil with bosentan improves the therapeutic outcome
in treating pulmonary hypertension compared with sildenafil
or bosentan alone.[38] This implies that an enhanced anti-
inflammatory activity by combining endothelin receptor
antagonists could be helpful in improving sildenafil activity in
dealing with inflammatory biomarkers in vascular beds. It is
worth investigating suppression of inflammatory cytokines
involved in diabetic vascular abnormalities of the cavernosal
structure.

Conclusion

An upregulated ETA, iNOS, NADPH oxidase and MMP-9
contribute to diabetic vascular abnormality in rat isolated
aortic rings and the endothelin receptor antagonist CPU0213
exerts beneficial effects by restoring the abnormal biomarkers.
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Sildenafil affords a relief to the diabetic vascular dysfunction
comparable with that using an endothelin receptor antagonist
CPU0213 through attenuating the inflammatory biomarkers in
the aortic vasculature.
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