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Altered arachidonic acid metabolism via COX-1 and
COX-2 contributes to the endothelial dysfunction of
penile arteries from obese Zucker ratsbph_553 604..616
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Background and purpose: The aim of the current study was to investigate the role of arachidonic acid (AA) metabolism via
cyclooxygenase (COX) in the endothelial dysfunction of penile arteries from pre-diabetic, obese Zucker rats (OZR).
Experimental approach: Penile arteries from OZR and from lean Zucker rats (LZR) were mounted in microvascular myographs
to assess vascular function and COX expression was determined by immunohistochemistry.
Key results: Acetylcholine (ACh) and AA elicited relaxations that were impaired in arteries from OZR. Inhibition of both COX-1
and COX-2 reduced the relaxant effects of ACh and AA in LZR but not in OZR. Inhibitors of COX-1 and of the TXA2/PGH2 (TP)
receptor enhanced the relaxations induced by AA in both LZR and OZR, whereas COX-2 inhibition enhanced these responses
only in OZR. TP receptor blockade did not restore ACh relaxant responses in arteries from OZR. Inhibition of COX-1 increased
basal tension in OZR and this contraction was blunted by TP receptor blockade. The vasoconstrictor responses to noradrenaline
were augmented by indomethacin and by COX-2 inhibition in LZR but not in OZR. Immunohistochemical staining showed that
both COX-1 and COX-2 are expressed in the endothelium of penile arteries from both LZR and OZR.
Conclusions and implications: Vasoactive prostanoids were formed via constitutively active COX-1 and COX-2 pathways in
normal rat penile arteries. Under conditions of insulin resistance, the release and/or effects of vasodilator prostanoids were
impaired, contributing to the blunted endothelium-dependent vasodilatation and to the enhanced vasoconstriction.
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Introduction

Erectile dysfunction (ED) is a highly prevalent condition in
men with cardiovascular risk factors and is now considered to
be an early sign of systemic endothelial dysfunction and
subclinical vascular disease (Billups, 2005). The metabolic
syndrome, a cluster of metabolic abnormalities associated
with obesity and including insulin resistance, hyperglycemia
and hyperlipidemia, has become a major clinical and public

health problem and a large group of patients are at increased
risk for developing diabetes and cardiovascular disease.
Approximately 35% to 75% of men with diabetes mellitus
suffer ED (Vickers and Wright, 2004). Some aspects of the
metabolic syndrome have also been associated with ED and
an increased prevalence has been demonstrated in men with
metabolic syndrome (Espósito et al., 2005; Fonseca and Jawa,
2005). On the other hand, the prevalence of obesity and
associated risk factors in men reporting symptoms of ED is
remarkably high and strong epidemiological evidence links
the risk of ED to diabetes type 2 (Vickers and Wright, 2004;
Espósito et al., 2005; Fonseca and Jawa, 2005).

Penile erection is a complex neurovascular process prima-
rily achieved by the relaxation of penile smooth muscle and
further expansion and filling of the cavernous sinusoids, due
to nerve- and endothelial-derived nitric oxide (NO), released
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upon sexual stimulation (Prieto, 2008). Studies in diabetic
animal models and in human cavernosal tissue from diabetic
men have pointed to the multifactorial mechanisms of the
diabetes-associated ED and both endothelial and neural
NO-mediated relaxant responses have been shown to be
impaired (Saenz de Tejada et al., 1989; Keegan et al., 1999;
Angulo et al., 2003). Metabolic disorders associated with dia-
betes include hyperglycemia, excess free fatty acids and
insulin resistance, components of the metabolic syndrome
that are risk factors for ED and also characterized by abnormal
endothelial function (Espósito et al., 2005; Fonseca and Jawa,
2005). Although diabetic endothelial dysfunction has prima-
rily been considered to reflect a deficiency of NO, the mecha-
nisms responsible for the impaired endothelium-dependent
vasodilatation in diabetes and metabolic syndrome still need
to be fully elucidated (De Vriese et al., 2000; Kuboki et al.,
2000; Okon et al., 2005; Vanhoutte et al., 2009).

An imbalance between the production of vasodilator and
vasoconstrictor prostanoids has recently been shown to under-
lie endothelial dysfunction and abnormal vascular smooth
muscle reactivity in arteries from rodent models of both type 1
and type 2 diabetes (Matsumoto et al., 2007; Shi and Van-
houtte, 2008) and metabolic syndrome (Goodwill et al., 2008;
Xiang et al., 2008). In healthy blood vessels, most prostanoids
are formed by the constitutive isoform of cyclooxygenase 1
(COX-1). However, these mediators may also be synthesized by
the inducible COX isoform COX-2 that is usually expressed at
undetectable levels in vascular cells but can be up-regulated by
inflammatory, mitogenic and physical stimuli (Seibert et al.,
1994; Herranz et al., 2004; Warner and Mitchell, 2004). More-
over, in the last years, it has become evident that prostanoid
production from constitutively expressed COX-2 is also
involved in the modulation of vascular responses (Henrion
et al., 1997; Baber et al., 2003; Qui et al., 2006).

We have recently demonstrated profound alterations in
vascular structure that correlate with endothelial dysfunction
in penile arteries from the obese Zucker rat (OZR) (Villalba
et al., 2009), a well-established genetic model of insulin resis-
tance and metabolic syndrome caused by a dysfunctional
gene of the leptin receptor (Guerre-Millo, 1997). The purpose
of the present study was to further elucidate the mechanisms
underlying penile endothelial dysfunction and to assess
whether there is a specific role of altered vascular prostanoid
metabolism in the impaired dilatation and abnormal vaso-
constriction of penile arteries from OZR.

Methods

Animal model
All animal care and experimental protocols conformed to the
European Union Guidelines for the Care and the Use of Labo-
ratory Animals and were approved by the Institutional
Animal Care and Use Committee of the Madrid Complutense
University. Male OZR (fa/fa, n = 63) and their control strain,
lean Zucker rats (LZR) (fa/-, n = 60) were purchased from
Charles River Laboratories (Barcelona, Spain) at 8–10 weeks of
age. Animals were housed at the Pharmacy School animal care
facility and maintained on standard chow and water ad
libitum, until they were used for study, at 17–18 weeks of age.

Dissection of microvessels, mounting and force measurement
Rats were killed by cervical dislocation and exanguination.
The penile arteries, first- or second-order branches of the rat
dorsal penile artery from LZR and OZR rats were carefully
dissected by removing the connective and fat tissue, as
described previously (Villalba et al., 2009). Segments of dorsal
penile arteries were mounted in parallel in double microvas-
cular myographs (Danish Myotechnology, Denmark) by
inserting two 40 mm tungsten wires into the vessel lumen.
After mounting, the arteries were equilibrated for 30 min in
Krebs solution of the following composition (mM): NaCl 119,
NaHCO3 25, KCl 4.7, KH2PO4 1.17, MgSO4 1.18, CaCl2 1.5,
EDTA 0.027 and glucose 11, mantained at 37°C and continu-
ously gassed with a mixture of 5% CO2/95% O2 to maintain
pH at 7.4. The relationship between passive wall tension and
internal circumference was determined for each individual
artery and from this, the internal diameter, l1, that yielded a
circumference equivalent to 90% of that given by an internal
pressure of 100 mmHg was calculated.

Experimental procedures for the functional experiments
At the beginning of each experiment, arteries were challenged
twice with 120 mM K+ (KPSS) in order to test vessel viability.
The vasoactive effects of acetylcholine (ACh) (Sigma Chemi-
cal Co., St Louis, MO, USA) and of the prostanoid precursor,
arachidonic acid (AA) (Sigma Chemical), were evaluated by
adding cumulative concentrations of these agents on arteries
precontracted with 1 mM phenylephrine (Sigma Chemical).
The effects of the NOS inhibitor Nw-nitro-L-arginine (L-NNA,
100 mM) (Sigma Chemical) and of the non-selective COX
inhibitor indomethacin (1 mM) (Sigma Chemical) were ini-
tially tested on the ACh-induced relaxations. The responses to
exogenous ACh, AA and noradrenaline (Sigma Chemical)
were further obtained in the absence and presence of specific
inhibitors of COX-1 (SC-560, 1 mM) (Sigma Chemical), COX-2
(NS-398, 1 mM) (Tocris Cookson, Bristol, UK) and the antago-
nist of the TXA2/PGH2 (TP) receptor, (ICI-192, 1 mM) (Tocris).
The effect of the TXA2 agonist U46619 was also assessed in
penile arteries of LZR and OZR, in the absence and presence of
ICI-192. The drugs were added to the myograph chamber
30 min before the construction of a second concentration–
response curve for the corresponding agonist. The role of the
vascular endothelium was examined in arteries were the
endothelium was mechanically removed by inserting a
human hair in the vessel lumen and guiding it back and
forwards several times. The absence of functional endothe-
lium was confirmed by the lack of relaxation to ACh (10 mM).

Immunohistochemistry
Tissue samples from the penis containing the dorsal penile
artery were inmersion-fixed in 4% paraformaldehyde in 0.1 M
sodium phosphate-buffer (PB), cryoprotected in 30% sucrose
in PB and snap-frozen in liquid nitrogen and stored at -80°C.
Tissue sections were processed following the avidin-biotin-
peroxidase complex (ABC) method (Hsu et al., 1981). Sections
were first immersed in a mixture of 1% H2O2 and 90% metha-
nol in distilled water for 30 min, washed in PB and the pre-
incubated in 10% normal goat serum in PB containing 0.3%
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Triton-X-100 for 2–3 h. Then, sections were incubated with
either a mouse monoclonal anti-COX-1 (Cayman Chemical,
Ann Arbor, MI, USA), diluted at 1:100 or a rabbit anti COX-2
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) diluted
1:200 for 48 h, washed and reacted with a biotinylated goat
secondary serum (Chemicon International Inc) (anti-mouse
for the COX-1 and anti-rabbit for the COX-2) diluted 1:400
for 2h at room temperature, followed by incubation with
avidin-biotin-complex (ABC, Vector) 1:100 dilution for
90 min at room temperature. The immunocomplex was visu-
alized with 0.05% 3.3 diaminobenzidine and 0.001% in H2O2

in PB. No immunoreactivity could be detected in sections
incubated in the absence of the primary antisera. Pre-
adsorption with COX-1 and COX-2 protein showed no cross-
reactivity for the antibodies.

Data presentation and statistical analysis
Results are expressed as either tension (as N·m-1) or as a
percent of the response to either phenylephrine or KPSS in
each artery, as means � SEM of six to eight arteries (one to
two from each animal). The sensitivity of the arteries to the
relaxant and vasoconstrictor agonists is expressed in terms of
pEC50 values, where pEC50 is -logEC50. EC50 is the concentra-
tion of the agonist required to producing 50% of the response
and was calculated by non-linear curve fitting of the
concentration–response curves for the inhibitor to the classi-
cal Hill Equation by using a standart computer software
(Prism 5.0, GraphPad, San Diego, CA, USA). The EC50 value for
each individual curve was first obtained and thereafter the
average value for a given set of experiments was calculated.
The statistical differences between means were analysed by
using one-way ANOVA, paired or unpaired Student’s t-test
when appropiate. Probability levels smaller than 5% were
considered significant.

Drug and molecular target nomenclature follows Alexander
et al. (2008).

Results

General parameters
At the time of the experiment (17–18 weeks of age), OZR were
significantly heavier than LZR (483 � 5 g vs. 375 � 5 g, P <
0.001, n = 51). We have recently reported that animals from
the OZR group exhibit mild hyperglycemia, hyperinsulinemia
and dyslipidemia with elevated total cholesterol and triglyc-
eride levels (Villalba et al., 2009). The normalized internal
lumen diameters, l1, were significantly smaller in penile arter-
ies from OZR (135 � 3 mm) compared with LZR (150 � 3 mm,
P < 0.01, n = 51). The contractions to KPSS were reduced in the
OZR group (1.8 � 0.1 N·m-1) compared with LZR (2.4 �

0.1 N·m-1, P < 0.01; n = 51), indicating reduced contractility
of arterial smooth muscle. Although maximal contractile
responses to noradrenaline were reduced, sensitivity was aug-
mented in OZR (pEC50 6.96 � 0.11 vs. 6.48 � 0.08, P < 0.0001,
n = 27, in LZR and OZR respectively). The endothelium-
dependent responses to ACh were markedly reduced in penile
arteries from OZR compared with LZR (27 � 5% vs. 60 � 4%,
P < 0.0001, n = 24), thus indicating endothelial dysfunction.

Effect of COX inhibitors on ACh relaxant responses
In order to assess whether changes in the AA metabolism via
COX may be involved in the endothelial dysfunction
observed in penile arteries from OZR, the effect of the non-
selective COX inhibitor, indomethacin (1 mM) and of the
selective COX-1 and COX-2 blockers SC-560 and NS-398,
were examined on the relaxant responses to ACh. Indometha-
cin reduced the relaxations elicited by ACh in arteries from
LZR and to a lesser degree in those from OZR (Figure 1,
Table 1). Treatment with L-NNA (100 mM) markedly reduced
the relaxations to ACh in both LZR and OZR, this inhibition
being larger than that produced by indomethacin in LZR
(Figure 1). Combined blockade of COX and NOS abolished

Figure 1 Effect of the inhibitor of COX, indomethacin (indo) (1 mM)
and the inhibitor of the NO synthesis, L-NNA (100 mM) on the
relaxant responses to acetylcholine (ACh) in penile arteries from LZR
(A) and OZR (B). Results are expressed as percentage of the pre-
contraction induced by phenylephrine (Phe). Data are shown as the
means � SEM of 6–13 arteries. *P < 0.05, **P < 0.01, ***P < 0.001
versus control before treatment. †P < 0.01; ††P < 0.001 versus
indomethacin-treated. COX, cyclooxygenase; L-NNA, Nw-nitro-L-
arginine; LZR, lean Zucker rats; NO, nitric oxide; OZR, obese Zucker
rats.
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the relaxant responses to ACh in both LZR and OZR
(Figure 1), suggesting the involvement of both NO and pros-
tanoids. Treatment with 1 mM of the selective COX-1 antago-
nist SC-560 inhibited the relaxations induced by ACh in
penile arteries from LZR (Figure 2A, Table 1) but not from OZR
(Figure 2B, Table 1). Furthermore, selective inhibition of

COX-2 with NS-398 (1 mM) also reduced the relaxations to
ACh in LZR but did not affect those in OZR (Figure 2C,D,
Table 1). These results suggest that the endothelium-
dependent vasodilator responses to ACh involve both COX-1-
and COX-2-derived vasodilator prostanoids in LZR which are
impaired in OZR.

Table 1 Effects of indomethacin (indo) (1 mM), of the selective COX-1 inhibitor SC-560 (1 mM) and of the COX-2 inhibitor NS-398 (1 mM)
on the vasodilator responses to acetylcholine (ACh) of penile arteries from LZR and OZR

ACh

LZR OZR

pEC50 Emax (%) n pEC50 Emax (%) n

ACh 5.77 � 0.06 73.1 � 7.3 7 5.50 � 0.18 37.6 � 9.7 6
+Indo 5.57 � 0.15 40.3 � 3.8** 7 – 14.9 � 6.0* 6
ACh 6.55 � 0.05 60.0 � 7.6 8 5.64 � 0.43 24.6 � 4.3 8
+SC-560 6.51 � 0.27 38.4 � 6.1* 8 – 15.6 � 5.0* 8
ACh 6.10 � 0.09 62.4 � 7.2 8 6.02 � 0.25 33.4 � 9.9 10
+NS-398 5.89 � 0.08* 52.1 � 6.9 8 6.11 � 0.17 26.6 � 5.2 10

Values represent mean � SE of the number n of individual arteries. pEC50 is -logEC50, being the concentration of agonist giving half maximal response (Emax).
Significant differences from controls were analysed by a paired Student’s t-test.
*P < 0.05; **P < 0.01.
COX, cyclooxygenase; LZR, lean Zucker rats; OZR, obese Zucker rats.
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Figure 2 Effects of the selective COX-1 inhibitor SC-560 (1 mM) (A, B) and the selective COX-2 inhibitor NS-398 (1 mM) (C, D) on the average
relaxant responses to acetylcholine (ACh) in penile arteries from LZR (A, C) and OZR (B, D). Results are expressed as percentage of the
pre-contraction induced by phenylephrine (Phe). Data are shown as the means � SEM of 8–10 arteries. *P < 0.05, **P < 0.01 versus control
before treatment. COX, cyclooxygenase; LZR, lean Zucker rats; OZR, obese Zucker rats.
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Effect of COX inhibitors and TP receptor antagonism on
responses to AA
Exogenously administered AA (0.1–10 mM) induced
concentration-dependent relaxations in penile arteries from
LZR precontracted with phenylephrine, which were impaired
in arteries from OZR (Figure 3).

In order to investigate the metabolism of AA by COX under
basal conditions, the effects of the selective inhibitors of
COX-1 and COX-2 and TP receptor were investigated. The
COX-1 inhibitor SC-560 reduced the relaxations to the lower
doses of AA (1 mM) in arteries from LZR and enhanced those
at higher doses used (10 mM) in arteries from both LZR and
OZR (Figure 4A,B). These results suggest that constrictor pros-
tanoids are produced from AA via COX-1 in penile arteries

from LZR and OZR. The selective COX-2 inhibitor NS-398
(1 mM) reduced the relaxations to AA in LZR (Figure 4C), but
increased these relaxations in OZR (Figure 4D). These results
indicate that there is a constitutive production of relaxant
prostanoids via COX-2 in LZR that is changed to the forma-
tion of vasoconstrictor prostanoids in OZR.

The selective PGH2/TXA2 receptor antagonist IC-192 (1 mM)
enhanced the relaxant effects of AA in penile arteries from
both LZR and OZR, suggesting an endogenous basal produc-
tion of PGH2/TXA2 that usually counterbalances the relaxant
effects of AA (Figure 4E,F).

Effects of COX inhibitors and TP receptor antagonist on
basal tone
Treatment with SC-560 (1 mM) significantly enhanced basal
tone in arteries from OZR but not from LZR and this constric-
tion was abolished by blockade of the TP receptor with ICI-
192 (Figure 5A). However, no significant changes in baseline
tension of penile arteries from either LZR or OZR were
observed after blockade of COX-2 with NS-398 (Figure 5B).
These results suggest that blockade of COX-1 unmasks an
increased basal production of PGH2/TXA2 by the COX-2
pathway in penile arteries from OZR.

Effect of TP receptor antagonism on U46619 and ACh responses
The TXA2 mimetic U46619 induced concentration-dependent
contractions that were enhanced in penile arteries from OZR,
pD2 values for U46619 being 7.21 � 0.09 (n = 7) in LZR, and
7.46 � 0.05 (P < 0.01, n = 10) in OZR. The contractile effect of
the TXA2 analogue was inhibited by the TP receptor antago-
nist, ICI-192 (1 mM) (Figure 6A,B). In order to assess whether
an increased TP receptor-mediated vasoconstriction could be
involved in the blunted ACh relaxant responses of penile
arteries from OZR, the effect of ICI-192 (1 mM) was tested.
Treatment with ICI-192 did not alter the ACh-induced relax-
ation in arteries form either LZR or OZR (Figure 6C,D).

Effects of COX inhibitors on responses to noradrenaline
Treatment with indomethacin augmented noradrenaline-
induced contractions in penile arteries from LZR and to a
lesser extent those from OZR (Table 2). The contractile
responses elicited by noradrenaline were unaltered by treat-
ment with the COX-1 inhibitor SC-560 in penile arteries from
either LZR or OZR (Figure 7A,B, Table 2). However, they were
significantly enhanced by the COX-2 inhibitor NS-398 in
penile arteries from LZR but not from OZR (Figure 7C,D,
Table 2), indicating that there is a basal production of a
vasodilator prostanoid via COX-2 in LZR rats which is absent
in OZR.

Immunohistochemistry of COX-1 and COX-2
Staining of arterial sections with a monoclonal antibody
against COX-1 revealed that this constitutive COX isoform was
widely and uniformly distributed throughout the endothelial
lining of penile arteries, being absent in the smooth muscle
layer. No apparent differences in either the distribution or

Figure 3 Relaxant responses to AA in penile arteries from LZR and
OZR. (A, B) Representative traces showing the AA-induced relaxations
in penile arteries from (A) LZR and (B) OZR. (C) Average
concentration–response curves for the relaxation to AA. Data are
shown as the means � SEM of 37 and 39 arteries (one to two per
animal). **P < 0.01, ***P < 0.001 versus LZR. AA, arachidonic acid;
LZR, lean Zucker rats; OZR, obese Zucker rats.

Penile endothelial dysfunction and prostanoids
608 A Sánchez et al

British Journal of Pharmacology (2010) 159 604–616



density of COX-1 immunolabeling were observed between LZR
and OZR (Figure 8B). By using a polyclonal antibody against
COX-2, this COX isoform was also found to be primarily
expressed in the penile endothelium of both LZR and OZR,
although a diffuse COX-2 immunostaining, more intense in
penile arteries from OZR, was also observed in the smooth
muscle layer (Figure 8C). The endothelial COX-2 immunola-
beling was sparser and less uniform compared with that for
COX-1 and it was restricted to small foci of endothelial cells
(marked with arrows in Figure 8C). Furthermore, additional
but less intense immunostaining for both COX-1 and COX-2
isoforms was also found in the adventitia and in the surround-

ing trabecular tissue in the case of COX-1, probably associated
with macrophages and mast cell-like cells.

Discussion

In the present study we have investigated the role of AA
metabolism through COX in the pathogenesis of the endot-
helial dysfunction of penile arteries in an animal model of the
metabolic syndrome. Our results first demonstrated that both
COX-1 and COX-2 were constitutively expressed in the
endothelium of penile arteries and primarily produced
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Figure 5 Effect of the COX-1 inhibitor SC-560 (1 mM) (A) and of the COX-2 inhibitor NS-398 (1 mM) (B) alone or in the presence of the
TXA2/PGH2 receptor antagonist ICI-192 (1 mM) on the basal tone of penile arteries from LZR and OZR. Results are shown as the increase in
baseline tension (DBL), expressed as % of the contraction to 120 mM K+ (% of KPSS), after addition of the antagonists. Data are shown as the
means � SEM of 10 arteries (A, B). ††P < 0.01 versus OZR. ***P < 0.001 versus controls in the absence of treatment. COX, cyclooxygenase;
LZR, lean Zucker rats; OZR, obese Zucker rats.

Figure 6 Effect of the TXA2/PGH2 receptor with ICI-192 (1 mM) on the contractile effects of the of TXA2 analogue U-46619 [A, B; expressed
as % of the contraction to 120 mM K+ (% of KPSS)] and on the relaxant responses to acetylcholine (ACh) (C, D) in penile arteries from LZR
(A, C) and OZR (B, D). Data are shown as the means � SEM of 10 arteries (A, B), 8 arteries (C) and 6 arteries (D). *P < 0.05, ***P < 0.001 versus
controls in the absence of treatment. LZR, lean Zucker rats; OZR, obese Zucker rats.
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relaxant prostanoids in healthy animals. Under conditions of
insulin resistance or the metabolic syndrome, there is an
impairment of the COX-1- and COX-2-mediated vasodilator
effects that contributes to the blunted ACh endothelium-
dependent relaxations and to the enhanced vasoconstriction
induced by noradrenaline. An increased basal COX-2-
mediated production of vasoconstrictor prostaglandins was

also found in arteries from OZR. The present study therefore
demonstrates that alterations in the AA metabolism through
the COX pathway are involved in the vascular dysfunction of
penile arteries from insulin-resistant OZR.

Penile erectile tissues synthesize and locally metabolize
several relaxant and contractile prostanoids. In the corpus
cavernosum and penile veins, there is a predominant

Table 2 Effects of indomethacin (indo) (1 mM), of the selective COX-1 inhibitor SC-560 (1 mM) and of the COX-2 inhibitor NS-398 (1 mM)
on the vasoconstrictor responses to noradrenaline (NA) of penile arteries from LZR and OZR

NA

LZR OZR

pEC50 Emax (Nm-1) n pEC50 Emax (Nm-1) n

NA 6.26 � 0.12 3.0 � 0.5 9 6.58 � 0.01 2.1 � 0.2 10
+Indo 6.57 � 0.14** 2.9 � 0.5 9 6.78 � 0.15* 1.9 � 0.2 10
NA 6.80 � 0.10 2.8 � 0.5 7 7.16 � 0.18 2.2 � 0.5 8
+SC-560 6.57 � 0.11 2.9 � 0.3 7 6.98 � 0.40 2.1 � 0.4 8
NA 6.51 � 0.13 3.5 � 0.3 12 7.00 � 0.17 2.6 � 0.3 9
+NS-398 6.69 � 0.12** 3.5 � 0.4 12 6.49 � 0.17* 2.4 � 0.3* 9

Values represent mean � SE of the number n of individual arteries. pEC50 is -logEC50, being the concentration of agonist giving half maximal response (Emax).
Significant differences from controls were analysed by a paired Student’s t-test.
*P < 0.05; **P < 0.01.
COX, cyclooxygenase; LZR, lean Zucker rats; OZR, obese Zucker rats.

Figure 7 Effects of the selective COX-1 inhibitor SC-560 (1 mM) (A, B) and of the selective COX-2 inhibitor NS-398 (1 mM) (C, D) on the
average contractile responses to noradrenaline (NA) in penile arteries from LZR (A, C) and OZR (B, D). Results are expressed as percentage of
the maximum contraction induced by NA in each artery. Data are shown as the means � SEM of seven to eight arteries (A, B) and 9–12 arteries
(C, D). *P < 0.05, **P < 0.01 versus control before treatment. COX, cyclooxygenase; LZR, lean Zucker rats; OZR, obese Zucker rats.
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Figure 8 Immunohistochemical staining of COX-1 and COX-2 in the endothelium of penile arteries from LZR and OZR. (A) Haematoxylin and
eosin-stained cross sections showing the vascular structure of penile arteries from LZR and OZR. Inmunohistochemical demonstration of COX-1
(B) and COX-2 (C) in LZR and OZR. (B) COX-1 isoform was widely distributed throughout the endothelial lining of penile arteries and absent
in the smooth muscle layer. Additional COX-1 immunostaining was also found in the trabecular tissue, probably associated with macrophages
and mast cell-like cells (asterisk). (C) COX-2 immunolabeling was sparse and restricted to small foci of endothelial cells marked with arrows.
A diffuse COX-2 immunostaining was also observed in the smooth muscle layer. COX, cyclooxygenase; LZR, lean Zucker rats; OZR, obese
Zucker rats.
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production of contractile prostanoids such as PGF2a, TXA2 and
PGE2 modulated by O2 tension and reduced by hypoxia
(Christ et al., 1990; Azadzoi et al., 1992; Daley et al., 1996;
Martínez et al., 2005). In penile resistance arteries, relaxant
prostanoids modulate arterial spontaneous tone and they can
contribute to the ACh-induced endothelium-dependent
responses in some species and humans (Prieto et al., 1998;
Simonsen et al., 2001; Angulo et al., 2002; Ruiz Rubio et al.,
2004). The present study demonstrated that the ACh-induced
endothelium-dependent relaxations of penile arteries from
control LZR involved both NO and vasodilator prostanoids.
Although COX-1 is constitutively expressed in vascular tissues
and platelets and COX-2 is regarded as an inducible isoform
up-regulated by inflammatory stimuli, our results further
demonstrate that the formation of vasoactive prostanoids
occurs via constitutively active COX-1 and COX-2 pathways
in normal rat penile arteries. Thus, the immunohistochemical
study showed the expression of both COX isoforms primarily
in the penile arterial endothelium and non-selective
(indomethacin) and selective COX-1 and COX-2 inhibitors
significantly reduced the relaxations elicited by both ACh and
AA in arteries from LZR. The functional experiments of the
present study are consistent with the predominant localiza-
tion of both COX isoforms in the endothelium of normal
penile arteries. Thus, the COX-1 inhibitor SC-560 and the
COX-2 inhibitor NS-398 reduced the ACh-elicited relaxations
in LZR, thus suggesting the release of both COX-1- and COX-
2-derived endothelial vasodilator prostanoids upon agonist
stimulation. COX-2 constitutive expression in the vascular
system has earlier been reported in a few organs such as the
kidney (Qui et al., 2006) and the lung (Ermert et al., 1998;
Baber et al., 2003; 2005). In our study, COX-2 was found to be
mainly distributed in the penile arterial endothelium of LZR,
although a diffuse distribution in the smooth muscle layer
was also found, which is in agreement with that reported in
the lung where COX-2 was localized in both the endothelium
and smooth muscle of small pulmonary arteries (Ermert et al.,
1998; Baber et al., 2003).

As regards the functional experiments, our results further
demonstrate a basal release of COX-2-derived relaxant pros-
tanoids involved in the spontaneous tone of rat penile arteries
from LZR. Thus, AA elicited a net relaxant effect that was
reduced by the COX-2 inhibitor NS-398. Furthermore, both
non-selective (indomethacin) and selective COX-2 inhibition
enhanced noradrenaline-induced contraction, suggesting a
basal release of COX-2-derived relaxant prostanoids that
counterbalance vasoconstriction. The predominant forma-
tion of vasodilator prostaglandins via COX-2 in arteries from
healthy animals would be in agreement with previous studies
in the rat showing that selective COX-2 inhibitors reduced
systemic vasodilator responses to AA with no effect of TXA2

receptor blockade (Baber et al., 2003). COX-2 has been dem-
onstrated to preferentially couple to the cellular synthesis of
PGI2 and PGE2 (Brock et al., 1999) and to be up-regulated by
steady laminar shear stress, hence being proposed as a major
isoform responsible for the production of PGI2 under physi-
ological conditions (Topper et al., 1996; Henrion et al., 1997;
Okahara et al., 1998). The results of the present study further
extend the concept that constitutive COX-2 may functionally
contribute to the formation of vasodilator prostanoids in the

vascular system (Baber et al., 2003), although its role in penile
erection remains to be elucidated. Interestingly, recent studies
have demonstrated that COX-2 is highly expressed in penile
corpus cavernosum and COX-2-derived contractile pros-
tanoids are involved in the generation of spontaneous con-
tractions. However, in contrast to the primary location of
COX-2 in the endothelium of penile arteries, COX-2 was
found in a population of interstitial-like cells in the corpus
cavernosum and proposed to contribute to the neural regula-
tion of corporal smooth muscle tone (Hashitani et al., 2005).

On the other hand, the present study also demonstrated the
release of COX-1-derived vasoconstrictor prostaglandins that
contributed to the spontaneous tone of penile arteries from
healthy animals, as shown by the enhancing effect of both
the COX-1 blocker SC-560 and of the selective TP receptor
antagonist ICI-192, on the relaxations induced by high doses
of AA. These results are consistent with studies showing an
extensive co-distribution of COX-1 with both TXA2 and PGI2

synthases in the aortic endothelium (Kawka et al., 2007),
along with a marked reduction of PGI2 and TXA2 metabolites
by COX-1 inhibitors (Qui et al., 2006; Kawka et al., 2007),
thus indicating the major functional contribution of endot-
helial COX-1 to the basal production of both PGI2 and TXA2

in the normal arterial wall.
Cyclooxygenase 2 is up-regulated by inflammatory stimuli

and is involved in the abnormal vascular reactivity of arteries
from type 2 diabetic mice (Bagi et al., 2005; Guo et al., 2005),
although recent studies have shown that both COX-1 and
COX-2 may contribute to the endothelial dysfunction (Mat-
sumoto et al., 2007) and to the hypersensitivity of vascular
smooth muscle (Shi and Vanhoutte, 2008) in arteries from
type 2 and type 1 diabetic rats respectively. We have recently
demonstrated that penile arteries from animals with the
metabolic syndrome exhibit endothelial dysfunction, as
shown by the reduced ACh-induced relaxations and the
impaired NO basal activity (Villalba et al., 2009). In the
present study, we confirmed this dysfunction and further
demonstrated that alterations in the AA metabolism via both
COX-1 and COX-2 were involved in the loss of the predomi-
nant basal and endothelial agonist-induced release of vasodi-
lator prostaglandins in arteries from OZR, thereby
contributing to the endothelial dysfunction in these animals.
Thus, COX-1 and COX-2 inhibitors failed to inhibit the relax-
ations induced by both ACh and AA in penile arteries from
OZR, suggesting a blunted formation and/or impaired effects
of relaxant prostanoids. Moreover, COX-2 inhibition no
longer enhanced noradrenaline vasoconstriction.

The present results showing that the relaxant effects of AA
are impaired in penile arteries from OZR suggest a shift in the
AA metabolism towards an enhanced formation of vasocon-
strictor prostanoids. The specific involvement of COX-2 is
suggested by two findings. First, both the COX-2 inhibitor
NS-398 and the TP receptor antagonist ICI-192 enhanced the
relaxant effect of high concentrations of AA in OZR and
restored them to levels similar to those in LZR. Second,
COX-1 inhibitors unmasked a marked increase in basal
tension in penile arteries from OZR, which was abolished by
TP receptor blockade, indicating an enhanced COX-2-
mediated basal production of vasoconstrictor prostanoids
that seems to be balanced by an increased basal production of
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COX-1-derived relaxant prostaglandins. The present results
would be consistent with those reported for skeletal muscle
arteries from OZR (Xiang et al., 2008) and from type 2 diabetic
mice (Bagi et al., 2005), where the impaired AA relaxant
responses were improved and the increased arteriolar basal
tone was inhibited by TP receptor antagonism. However, mea-
surements of TXA2 metabolites in pooled skeletal muscle
arteries from OZR showed no significant changes in either
basal or AA-stimulated TXA2 levels (Goodwill et al., 2008;
Hodnett et al., 2009). In the present study, we have found that
the responses to the exogenous TXA2 analogue U46619 were
augmented in penile arteries from OZR, suggesting that an
enhanced TP receptor activity might be in part responsible for
the augmented basal vasoconstrictor activity in these arteries.

Penile arteries from OZR exhibit an impaired basal release of
NO despite unaltered eNOS expression (Villalba et al., 2009).
In arteries from healthy LZR, both NOS and COX contribute
to the maintenance of penile arterial tone through the pro-
duction of NO and predominantly vasodilator prostanoids. In
several blood vessels, NO is responsible for a permanent feed-
back inhibition which restricts the release of constrictor pros-
tanoids, and reduced NO bioavailability has been shown to
increase this constrictor activity through the enhanced for-
mation of reactive oxygen species (Yang et al., 2002; Laemmel
et al., 2003; Vanhoutte et al., 2009). Therefore, an impaired
endothelial NOS activity, as occurs in penile arteries from OZR
under conditions of insulin resistance (Villalba et al., 2009),
could favour the synthesis/release of vasoconstrictor pros-
tanoids and thus contribute to the enhanced COX-2-
mediated basal constrictor activity observed in the present
study.

In human corpus cavernosum from diabetic patients,
enhanced TP receptor-mediated contractile responses have
been shown to underlie the impaired endothelium-
dependent relaxations to ACh (Angulo et al., 2006). However,
TP receptor antagonism could not restore the blunted ACh-
elicited relaxations in penile arteries from OZR, unlike its
enhancing effect on the AA-induced relaxations, and in con-
trast to that reported for diabetic penile corporal tissue.
Neither selective nor selective inhibition of COX could sig-
nificantly enhance either ACh relaxant responses in penile
arteries unlike that observed in mesenteric arteries from type
2 diabetic rats where an augmented production of TXA2 and
PGE2 impairs ACh-induced relaxations and treatment with
indomethacin improves these responses (Matsumoto et al.,
2007). Although an enhanced formation of vasoconstrictor
prostaglandins other than TXA2 cannot be ruled out (Van-
houtte et al., 2009), the present data suggest that other factors
might contribute to the blunted prostanoid-mediated
endothelium-dependent relaxations of penile arteries in
insulin-resistant OZR. Recent studies have demonstrated an
attenuated production of PGI2 associated to the increased
nitration of tyrosine residues of the PGI2 synthase in skeletal
muscle arterioles from OZR (Goodwill et al., 2008; Hodnett
et al., 2009). Increased mitochondrial fatty acid oxidation
with the subsequently augmented superoxide production is
responsible for enhanced tyrosine nitration and inactivation
of PGI2 synthase in the aortic endothelium of OZR (Du et al.,
2006). We have recently demonstrated that acute antioxidant
treatment partially restored the enhanced vasoconstriction of

penile and coronary resistance arteries from OZR (Villalba
et al., 2009). Therefore, enhanced oxidative stress is likely to
contribute to the impaired relaxant prostanoid formation and
thus to be involved in the endothelial/vascular dysfunction of
penile arteries of insulin-resistant OZR, as reported for arteries
from diabetic and hypertensive animals (Álvarez et al., 2007;
Matsumoto et al., 2007; Shi and Vanhoutte, 2008; Vanhoutte
et al., 2009).

In summary, the present results demonstrate that constitu-
tively active COX-1 and COX-2 pathways contribute to the
regulation of vascular tone in normal rat penile arteries
through the predominant formation of vasodilator pros-
tanoids. Although endothelial dysfunction in penile vascula-
ture from diabetic animals has primarily been ascribed to
deficiencies in the NO pathway, here we demonstrate that
impaired AA metabolism with reduced release/effects of
vasodilator prostaglandins from both COX-1 and COX-2
pathways, plays a key role in the pathogenesis of both endot-
helial dysfunction and augmented vasoconstriction in penile
arteries under conditions of insulin resistance and the meta-
bolic syndrome.
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