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Abstract

Over the past few decades, the cardiovascular benefits of a high dietary intake of long-chain

polyunsaturated fatty acids (PUFAs), like docosahexaenoic acid (DHA), have been exten-

sively studied. However, many of the molecular mechanisms and effects exerted by PUFAs

have yet to be well explained. The lack of sex hormones alters vascular tone, and we have

described that a DHA-supplemented diet to orchidectomized rats improve vascular function

of the aorta. Based on these data and since the mesenteric artery importantly controls the

systemic vascular resistance, the objective of this study was to analyze the effect of a DHA-

supplemented diet on the mesenteric vascular function from orchidectomized rats. For this

purpose mesenteric artery segments obtained from control, orchidectomized or orchidecto-

mized plus DHA-supplemented diet were utilized to analyze: (1) the release of prostanoids,

(2) formation of NO and ROS, (3) the vasodilator response to acetylcholine (ACh), as well as

the involvement of prostanoids and NO in this response, and (4) the vasoconstrictor response

to electrical field stimulation (EFS), analyzing also the effect of exogenous noradrenaline

(NA), and the NO donor, sodium nitroprusside (SNP). The results demonstrate beneficial

effects of DHA on the vascular function in orchidectomized rats, which include a decrease in

the prostanoids release and superoxide formation that were previously augmented by orchi-

dectomy. Additionally, there was an increase in endothelial NO formation and the response

to ACh, in which NO involvement and the participation of vasodilator prostanoids were

increased. DHA also reversed the decrease in EFS-induced response caused by orchidect-

omy. All of these findings suggest beneficial effects of DHA on vascular function by reversing

the neurogenic response and the endothelial dysfunction caused by orchidectomy.
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Introduction

The involvement of endothelial, hormonal and neural factors in the regulation of vascular

function is well established [1, 2], although the contribution of these factors depends on the

type of the vessel. In response to different stimuli the endothelium can release different factors,

such as nitric oxide (NO), prostanoids, reactive oxygen species (ROS), among others [1]. NO

is a signaling molecule formed by the enzyme nitric oxide synthase (NOS) that plays a crucial

role in vascular homeostasis regulating the vascular tone, and therefore also influences blood

pressure. This molecule exerts vasodilation in smooth muscle cells by stimulating the protein

kinase G (PKG) trough soluble guanylate cyclase (sGC) in the smooth muscle of the arterial

wall [3]. Also, NO has anti-inflammatory, antithrombotic, antiproliferative, and antioxidant

effects. A decrease in NO synthesis and/or bioavailability leads to the development of vascular

dysfunction [4].

The endothelium is also a source of ROS generated through the activation of xanthine oxi-

dase, cyclooxygenase, and cytochrome P-450 [5, 6]. Excessive production of ROS, causes vas-

cular dysfunction by outstripping endogenous antioxidant defense mechanisms, and it has

been implicated in the pathogenesis of many cardiovascular diseases, including hypercholes-

terolemia, atherosclerosis, hypertension, diabetes, and heart failure [7].

The vascular tone is also regulated by prostanoids originating from arachidonic acid metab-

olism through the cyclooxygenase (COX) pathway [8]. Prostanoids are involved in platelet

aggregation and inflammation, playing an important role in the regulation of vascular tone in

physiopathological conditions. Vasodilator prostanoids such as prostacyclin and prostaglandin

E2 (PGE2) play a role in parallel with NO in the regulation of vascular tone and blood pressure.

In comparison, TXA2 is considered a potent vasoconstrictor and increased production of this

factor is correlated with alterations in vascular functions [9].

Rat mesenteric artery possesses nitrergic and sympathetic innervations in which the release

of NO and noradrenaline (NA) are involved in the neuronal regulation of vascular tone [10–

12]. Upon release, NO induces vasodilator action as commented above. NA release causes

vasoconstrictor effect through the activation of alpha-adrenoceptors [13]. The involvement of

sensory innervation in the regulation of vascular tone depends on gender, physiological situa-

tion, and even rat strain [13–15].

In addition to the endothelial and neuronal factors, hormones also participate in the control

of vascular function. Regarding sex hormones, cardioprotective effects have been reported in

men and women [2, 16]. Previous studies from our group have shown that the loss of gonadal

function in male and female rats increased the release and function of vasoconstrictor prosta-

noids [17, 18], as well as the synthesis of ROS [13, 19, 20]. This accumulating production,

when maintained for a significant amount of time, could lead to the development of cardiovas-

cular diseases.

On the other hand, several studies have demonstrated the cardiovascular benefits of n-3

polyunsaturated fatty acids (n-3 PUFAs) [21, 22]. The most prominent n-3 fatty acids with

demonstrated cardiovascular benefits are eicosapentaenoic acid (EPA) and docosahexaenoic

acid (DHA), which are predominantly found in fish oils. The mechanisms by which these n-3

PUFAs decrease endothelial dysfunction involve lipid and prostanoid metabolism, leading to

secondary favorable effects on blood pressure and thrombosis [23]. Additionally, we have

reported the beneficial effect of a DHA-supplemented diet of orchidectomized rats on aorta

function [24].

Considering all of these data and taking into account that mesenteric circulation has an

important participation in systemic blood pressure control, it would be important to study the

influence of PUFAs, specifically DHA, to prevent the functional alterations of mesenteric
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arteries observed after deprivation of male sex hormones. Therefore, the aim of this work was

to study how a DHA-supplemented diet influences the mesenteric artery vascular function

from orchidectomized rats, by monitoring: (1) the basal production of NO, ROS and prosta-

noids, (3) the vasodilator response to acetylcholine (ACh), as well as the involvement of prosta-

noids and NO in this response (4) the vasoconstrictor response to electrical field stimulation

(EFS); additionally, the effect of exogenous NA, and the NO donor, SNP were also analyzed.

Materials and Methods

Animals, diets and experimental groups

The protocol was approved by the Animal Ethics Committee of the Universidad Autónoma de

Madrid (Ref. CEI-37-829) and procedures were performed according to the European Union

directives 63/2010UE and Spanish regulation RD 53/2013.

Male Sprague-Dawley rats (6 months old) were obtained from the Animal Quarters of the

Universidad Autónoma de Madrid and housed in the Animal Facility of the Universidad

Autónoma de Madrid (Registration number ES-20079-0000097), under 12 h light/dark

cycles and standard feeding with fodder and water ad libitum. After 1 week of adaptation ani-

mals were fed a maintenance diet for rodents (Global Diet 2014, Harlan Laboratories Inc.

Indianapolis, Indiana, USA) supplemented with fat (5%). The control group was supple-

mented with sunflower oil (5%) and the DHA group with 4.5% Marinol C-38 (Lipid Nutri-

tion) and adjusted to 5% with sunflower oil. Nutrient content and energy distribution of

each diet is summarized in Table 1. After 2 weeks on the diet, animals were divided into two

groups: control and orchidectomized males. Male sex hormone deprivation was induced by

orchidectomy at 18 weeks of age under anesthesia by isofluorane inhalation. Rats were

treated with 0.30 mg/Kg meloxicam SC (Metacam 5 mg/ml; Boehringer-Ingelheim) immedi-

ately after surgery and with 50 mg/Kg ibuprofen, via oral administration for 4 days. Animals

were maintained under experimental diets for six more weeks. At the end of the treatment,

rats were sacrificed by CO2 inhalation and decapitation. The observation of seminal vesicles

atrophy confirmed successful surgery. The mesenteric artery was carefully dissected out,

cleaned of connective tissue and placed in Krebs-Henseleit solution (KHS) (containing, in

mM: NaCl 115, CaCl2 2.5, KCl 4.6, KH2PO4 1.2, MgSO4 1.2, NaHCO3 25, glucose 11,1, Na2

EDTA 0.03) at 4˚C.

Blood pressure measurement

Systolic blood pressure was indirectly measured in awake animals by the tail-cuff method [17,

25] before and after the treatment using a Letica Digital Pressure Meter LE5000 (Barcelona,

Spain).

Table 1. Nutrient and energy content of experimental diets.

Control Diet DHA Diet

Carbohydrates (g/100g) 59.84 59.84

Protein (g/100g) 14.39 14.39

Total Fat (g/100g) 9.19 9.19

DHA + EPA 2.01

Energy (kcal/100g) 271.78 271.78

doi:10.1371/journal.pone.0168841.t001
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Release of prostanoids

After a stabilization period in KHS at 37˚C for 30 minutes (pH 7.4), mesenteric rings from

each group of rats was followed by 2 wash periods of 10 min using 0.2 mL of KHS. Once fresh

KHS was replaced, after a period of 10 min and the medium was collected and stored at -80˚C

until used. Production of TXA2, PGI2 and PGE2, were monitored by measuring their stable

metabolite TXB2, 6-keto-PGF1α, and PGE2, respectively, using the respective enzyme immuno-

assay kit (Cayman Chemical). Results were expressed as pg prostanoid/mL per mg of tissue.

Production of nitric oxide

The fluorescent probe 4,5-diaminofluorescein was used to specifically evaluate NO produc-

tion. Briefly, mesenteric segments from control, orchidectomized and orchidectomized with

DHA diet groups were cryoprotected with 30% w/v sucrose in PBS, frozen and stored at

-80˚C. After a washing period with PBS, the artery segments were opened to uncover the artery

lumen to allow a better penetrance of the probe. Then the segments were immersed in 4-

(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (in mM: NaCl 119, HEPES

20, CaCl2 1.2, KCl 4.6, KH2PO4 0.4, MgSO4 1, NaHCO3 5, glucose 5.5, Na2H2PO4 0.15; pH

7.4) containing 4,5-diaminofluorescein (0.5 μM), and incubated in a light-protected, humidi-

fied chamber at 37˚C for 45 min. Then, the segments were mounted on glass slides and imaged

on a confocal microscope. Images were obtained with a LEICA (TCS ST2 DM IRE2) laser

scanning confocal microscope (excitation 495 nm, emission 515 nm). Laser and image settings

were unchanged for the acquisition of images from the three groups of rats. The photomicro-

graphs show the intensity and location of 4,5-diaminofluorescein, which reflects NO produc-

tion, so that comparison of these groups could be made. To analyze fluorescence intensity, the

ImageJ Analysis Software (National Institutes of Health) was used. The amount of NO released

was expressed as arbitrary units.

Detection of superoxide anion

The fluorescent probe, hydroethidine, was used to evaluate superoxide anion levels in situ, as

previously described [13, 26]. Mesenteric segments from the three groups were cryoprotected

with 30% (w/v) sucrose in PBS, frozen and stored at -80˚C. After a washing period with PBS,

the artery segments were opened to uncover the artery lumen to allow for a better penetration

of the probe. Then, the segments were immersed in HEPES buffer containing hydroethidine

(5 μM), and incubated in a light-protected, humidified chamber at 37˚C for 30 min. Segments

were mounted on glass slides and imaged on a confocal microscope. Images were obtained

with a LEICA (TCS ST2 DM IRE2) laser scanning confocal microscope (excitation 488 nm,

emission 610 nm). Laser and image settings were unchanged for the acquisition of images

from the three groups of rats. The photomicrographs show the intensity and location of hydro-

ethidine, which reflects superoxide production, so that comparison of these groups could be

made. To analyze fluorescence intensity, the ImageJ Analysis Software (National Institutes of

Health) was used. The amount of superoxide formation was expressed as arbitrary units.

Vascular reactivity

The method used for isometric tension recording has been previously described [26, 27]. In

summary, mesenteric artery segments were suspended in an organ bath containing 5 mL of

KHS at 37˚C, continuously bubbled with 95% O2 -5% CO2 mixtures (pH 7.4). Two parallel

stainless steel pins were introduced through the lumen of the vascular segment: one fixed to

the bath wall and the other connected to a force transducer (Grass FTO3C; Grass Instruments
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Co., Quincy, MA, USA); this in turn was connected to a model 7D Grass polygraph. The activ-

ity was reflected in a computer through a computer program (eDAQ Software). The segments

were subjected to a tension of 0.5 g which was re-adjusted every 15 min during a 90 min equili-

bration period before drug administration. After this, the vessels were exposed to KCl (75

mM) to check their functional integrity. After a washout period the viability of vascular endo-

thelium was tested by the ability of 10 μM ACh to relax pre-contracted segments with 0.1 μM

NA.

To determine the participation of innervation in the regulation of vascular tone in mesen-

teric artery, frequency-response curves to EFS were performed. The parameters used for EFS

were 200 mA, 0.3 ms, 1–16 Hz, for 30 s with an interval of 1 min between each stimulus, the

time required to recover basal tone. Since NO neurotransmitter and NA play key roles in the

mesenteric artery, concentration-response curves to NA (1 nM-10 μM) and the NO donor,

SNP (1 nM-10 μM) were performed.

Concentration-response curves to ACh (0.1 nM-10 μM) were performed in NA (0.1 μM)

pre-contracted mesenteric artery rings from of the three groups of rats. To analyze the partici-

pation of NO and prostanoids on the ACh-induced response, the NO synthase inhibitor

L-NAME (0.1 mM) or the nonselective inhibitor of COX-1/2, indomethacin (Indo, 10 μM),

were added to the bath 30 minutes before performing the curve.

Drugs

Drugs used were: L-NA hydrochloride, ACh chloride, L-NAME hydrochloride, indomethacin,

potassium chloride, SNP (Sigma-Aldrich). Stock solutions (10 mM) of drugs were prepared in

distilled water, except for NA which was dissolved in NaCl (0.9%)-ascorbic acid (0.01% w/v)

solution, indomethacin in 1.5 mM NaHCO3 in dimethylsulfoxide. These solutions were main-

tained at -20˚C and appropriate dilutions were made in KHS on the day of the experiment.

Statistical analysis

Results are given as mean ± SEM (Standard Error of the Mean). The relaxation induced by

ACh was expressed as a percentage of initial contraction elicited by NA. Statistical analysis

was performed by comparing the curve obtained in the presence of the different substances

with the control curve by means of two-way analysis of variance (ANOVA). For blood pres-

sure, body weight, prostanoids, NO, and superoxide production, statistical analysis was done

using Student’s t-test for unpaired experiments. A p value of less than 0.05 was considered

significant.

Results

Animal weight and systolic blood pressure

Pre-diet body weight and blood pressure measures from control, orchidectomized and orchi-

dectomized with the DHA-supplemented diet were not significantly modified. Six weeks post-

diet all groups increased body weight to a similar extent and blood pressure did not show sig-

nificant changes. Results already published [24].

Production of nitric oxide

The orchidectomized group showed a decrease in the fluorescence emitted by 4,5-diamino-

fluorescein after incubation in the mesenteric tissue with respect to arteries from control rats.

DHA-supplemented diet restored the fluorescence levels reduced by orchiectomy similarly to

values found in control animals (Fig 1A).

Docosahexaenoic Acid and Vascular Function
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Detection of superoxide anion

HE fluorescence levels showed an increase in orchidectomized rat vessels, compared to the

ones from control group. The DHA-supplemented diet decreased these levels on the orchiec-

tomized rats (Fig 1B).

Release of prostanoids

Orchidectomy increased the basal release of TXB2 and PGE2 (Fig 2A and 2B). However, orchi-

dectomy did not statistically modify the release of 6-keto-PGF1α (Fig 2C). DHA supplemented

diet decreased the release of the three prostanoids analyzed (Fig 2).

Fig 1. Effect of orchidectomy and DHA supplemented diet in endothelial production of NO and superoxide in rat mesenteric arteries.

Confocal micrographs showing in situ detection of NO (A) or superoxide anion (B) in mesenteric artery segments from control (C) and

orchidectomized (Cx) rats fed with a control diet and from Cx rats fed with a DHA-supplemented diet (Cx DHA). The sections shown are typical

preparations from five rats. Quantitative analysis of fluorescence is also shown. Values are means ± SEMs, n = 5, *P < 0.001 compared with control

animals; +P < 0.002 compared with Cx rats control diet.

doi:10.1371/journal.pone.0168841.g001

Fig 2. Effect of orchidectomy and DHA supplemented diet on prostanoid basal release in rat mesenteric arteries. Release of

thromboxane B2 (TXB2), prostaglandin E2 (PGE2) and PGI2 (panels A-C) in mesenteric artery from control (C) and orchidectomized (Cx) rats fed

with a control diet and from Cx rats fed with a DHA-supplemented diet (Cx DHA). Values are means ± SEMs. n = 4–8; *p <0.05 compared to

arteries from control group, +p <0.05 compared with arteries from Cx Control group.

doi:10.1371/journal.pone.0168841.g002
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Vascular reactivity

Mesenteric segments from all three groups contracted similarly to 75 mM KCl (C Control

1069 ± 78 mg; Cx Control 1291 ± 124 mg; Cx DHA 1199 ± 79 mg; p> 0.05).

Orchidectomy decreased the EFS-induced contraction which was reversed by the DHA

supplemented diet (Fig 3). The contractile response induced by exogenous NA (10 nM-

10 μM) was similar in vessels from all three groups of rats (Fig 4).

The relaxation induced by SNP was analyzed in segments previously pre-contracted with

NA (1 μM). Orchidectomy significantly increased the vasodilator response in segments from

orchidectomized rats (ANOVA, p< 0.001, Fig 5). This response was not modified by DHA

supplemented diet (Fig 5). The vasodilator response induced by ACh (0.1 nM—10 μM) in seg-

ments pre-contracted with NA (1 μM) was not modified by orchidectomy, while the DHA

supplemented diet increased this response (ANOVA, p< 0.01, Fig 6).

The effect of castration and DHA supplemented diet in this stage on NO contribution was

studied in presence of the NOS inhibitor, L-NAME, which decreased the ACh induced

response in arteries from the control group (ANOVA, p< 0.001, Fig 7A), did not modify

those of orchidectomized rats (ANOVA, p> 0.05, Fig 7B), whereas it decreased Cx DHA

group (ANOVA, p<0.0001, Fig 7C). Incubation with the COX inhibitor, indomethacin

(10 μM), tended to increase the ACh-induced response in control arterial segments (ANOVA,

p = 0.057 7-A), while increased the vasorelaxation in the orchidectomized group (ANOVA,

p = 0.004, Fig 7B), and decreased it in Cx DHA group (ANOVA, p = 0.02, Fig 7C).

Fig 3. Effect of orchidectomy and DHA supplemented diet in the EFS-induced response in rat

mesenteric arteries. Effect of EFS contractile response in mesenteric artery segments of male rats from

control rats with control diet (A), orchidectomized rats with control diet (B) and orchidectomized rats with DHA-

supplemented diet (C). Results (mean ± SEM) are expressed as percentage of contraction elicited by 75 mM

KCl. Number of animals indicated in parenthesis.

doi:10.1371/journal.pone.0168841.g003
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Discussion

There is compelling evidence which demonstrates the beneficial effect of n-3 PUFAs in vascu-

lar dysfunction for the prevention and treatment of cardiovascular disorders [21, 22]. Although

the relationship between decreased levels of sex hormones and increased incidence of cardio-

vascular disease is established [28, 29], to date there are no studies examining the effect of diet

supplemented with DHA when gonadal function is lost. Recently, we have reported positive

modifications induced by a DHA-supplemented diet on lipid profile, redox status and vasodi-

lator function of aorta from orchidectomized rats [24]. Taking into account that the mesenteric

vascular bed importantly contributes to the control of blood pressure, in the present study we

have focused on analyzing the effect of DHA-diet in the vascular function of rat mesenteric

artery from orchidectomized rats.

We previously published that the orchidectomy maintained for 5 months induces an

increase on prostanoid release in mesenteric artery [30, 31] and aorta [17, 25], due to an oxida-

tive stress augmentation. The results now presented are in agreement with these previous

findings, since TXA2, PGI2, and PGE2 are increased from the 6 week post-orchidectomy, as

observed in aorta [24] and in mesenteric artery for the case of TXA2 [32]. However, DHA-sup-

plemented diet decreased prostanoids release near to the control group levels. According with

this data, the consumption of omega-3 fatty acid has been reported to inhibit the nuclear factor

kappa B activation and of COX-2 expression [33], and to decrease the production of prosta-

noids [34]. Previous publications demonstrate that DHA competes with other PUFAs, such as

the arachidonic acid, resulting in a decrease of prostanoid synthesis [35] and in an anti-inflam-

matory effect.

Fig 4. Effect of orchidectomy and DHA supplemented diet in the contractile response to NA curves

in rat mesenteric arteries. Noradrenaline contractile response in mesenteric artery segments from control

rats with control diet (A), orchidectomized rats with control diet (B) and orchidectomized rats with DHA-

supplemented diet (C). Results (mean ± SEM) expressed as percentage of contraction elicited by 75 mM

KCl. Number of animals indicated in parenthesis.

doi:10.1371/journal.pone.0168841.g004

Docosahexaenoic Acid and Vascular Function

PLOS ONE | DOI:10.1371/journal.pone.0168841 January 9, 2017 8 / 15



NO release was decreased by castration, as reported earlier in aortas from 6 weeks post-

orchidectomized rats [32, 24]. The influence of the DHA-supplemented diet, showed a restora-

tion in NO release levels, closely to the ones from the control group, as previously found in

aorta [24]. However, DHA has been reported not to modify the release of NO in aged [36] and

hypertensive [37] rats, indicating that the choice of the experimental model is crucial.

NO bioavailability is strongly determined by the level of oxidative stress. It is already

known that the loss of gonadal function increases the production of ROS [13, 20], like superox-

ide anion, a source of many other reactive oxygen intermediates, which quench NO. The

results obtained in the present study show increased superoxide anion production in mesen-

teric artery from orchidectomized rats, which is in agreement with previous publications [13,

19], and that demonstrate the beneficial effects from male sex hormones in vascular function.

Supplementation with the DHA diet diminished the superoxide anion levels near to control

levels, similar to those reported in the aorta of these animals [24]. In line with these results, is

the ability of n-3 PUFAs to decrease superoxide anion production in mouse aorta [38] and

human fibroblasts [39]. In addition, DHA has been reported to decrease oxidative stress in vas-

cular [40], nervous [41] and immune [42] systems. All these data demonstrate the antioxidant

properties of DHA in situations where oxidative stress is increased.

Taking into account that: i) NO, prostanoids and ROS are able to modulate the vascular

tone, ii) the DHA-supplement diet restores the altered production of these factors in orchidec-

tomized rats, and iii) the important contribution of mesenteric artery in the control of systemic

vascular resistance, the vasoconstrictor response mediated by the neurotransmitters released

after EFS and the endothelium-dependent vasodilator response were analyzed.

Fig 5. Effect of orchidectomy and DHA supplemented diet in the vasodilator response to SNP curves

in rat mesenteric arteries. Orchidectomy and DHA supplemented diet influence on the vasodilator response

to sodium nitroprusside in mesenteric artery segments of male rats, in control rats with control diet (A),

orchidectomized rats with control diet (B) and orchidectomized rats with DHA-supplemented diet (C). Results

(mean ± SEM) are expressed as percentage of inhibition of precontraction elicited by 1 μM noradrenaline.

Number of animals indicated in parenthesis.

doi:10.1371/journal.pone.0168841.g005
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We observed that orchidectomy decreased the EFS-induced contraction, which is in agree-

ment with that observed in mesenteric artery from 5 months-post-orchidectomized rats [13]

in which the release of NA was not modified [18]. DHA-supplemented diet reversed the

reduction in EFS-induced contractile response caused by orchidectomy. These actions seem to

be specific on EFS-induced contraction since the contraction induced by 75 mM of KCl was

not modified by the orchidectomy or DHA-diet. In this regard, the contractile response

Fig 6. Effect of orchidectomy and DHA supplemented diet in the vasodilator response to ACh curves

in rat mesenteric arteries. Concentration-response curves to acetylcholine in mesenteric artery segments

from control (C) and orchidectomized (Cx) rats fed with a control diet and from Cx rats fed with a DHA-

supplemented diet (Cx DHA). Results (means + SEMs) are expressed as percentage of inhibition of the

contraction induced by 1 μM noradrenaline. The number of animals is indicated in parenthesis.

doi:10.1371/journal.pone.0168841.g006

Fig 7. Effect of L-NAME and indomethacin in the ACh-induced vasodilator response in rat mesenteric arteries. Effect of L-NAME (0.1 mM)

or indomethacin (Indo, 10 μM) on the concentration response curves to acetylcholine in the NA-pre-contracted mesenteric artery segments from

control rats with control diet (A), orchidectomized rats with control diet (B) and orchidectomized rats with DHA-supplemented diet (C). Results

(means ± SEMs) are expressed as percentage of inhibition of the contraction induced by 1 μM noradrenaline. The number of animals is indicated in

parenthesis.

doi:10.1371/journal.pone.0168841.g007
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induced by potassium depolarization was not altered by a DHA diet in hypertensive rats [37].

Although, we have previously reported that the orchidectomy did not modify the release of

neuronal NO [13] and NA [18], it would have been desirable to determine the neurogenic

release of NA and NO. The authors acknowledge this limitation of the current study and,

because of the intriguing and complex interactions among the different factors, this issue will

be addressed in future studies. Nevertheless, it has been reported that DHA contained in fish

oil did not significantly alter neuronal and cardiovascular control in normotensive and prehy-

pertensive humans [43], while eicosapentanoic acid supplementation reduced cardiac nor-

adrenaline concentration in diabetic rats [44], indicating that the cardiovascular benefits of

omega-3 depend on the initial stage of the pathology. Since 5 months post-orchidectomy mod-

ified the vasomotor responses induced by NO and NA, these responses were analyzed in

mesenteric arteries after 6 weeks post-orchidectomy fed control and DHA-supplemented diet.

Orchidectomy did not produce any relevant influence on NA-induced contractile response,

suggesting that this castration period does not interfere with the response once released the

neurotransmitter, which is consistent with some publications [45]. However, it contrasts with

other studies in which orchidectomy decreased [13, 46] or increased [47] NA-induced con-

tractile response. These variations might be attributed to castration and/or the animal model

employed as mentioned above. Additionally, the DHA-supplemented diet did not influence

NA sensibility in smooth muscle cells, since its response was similar to that produced by orchi-

dectomy. This result is in agreement with studies describing no modification by DHA on the

contractile response after alpha-adrenoceptors activation [48, 49]. Regarding the vasodilator

effect of NO, the SNP-induced response was analyzed. The vasodilator response was signifi-

cantly increased by orchidectomy, which agrees with reports on mesenteric arteries of rats

after 5 months post-orchidectomy [31]. This response was not modified by the DHA supple-

mented diet, meaning that PUFAs have no effect on NO sensitivity in smooth muscle cell, as it

was found in aortic segments [24] as published earlier [36]. Therefore, one possible explana-

tion for the recovering of the decreased EFS-induced response in orchidectomized rats fed

with DHA, could be the decline in the oxidative stress and, in turn, the decreased vasodilator

effect from the NO-derived products [13]. However, the participation of different mediators

cannot be discarded, which would be the goal of future research.

As stated before, the endothelium-dependent relaxation was also studied. In this regard,

the ACh-induced response was unmodified by orchidectomy, as previously found in the aorta

of these animals [24]. On the other hand, the diet supplemented with DHA significantly

increased the endothelium dependent relaxation, caused by reduced oxidative stress, which

increases NO bioavailability, as demonstrated by the levels of O2
- and NO found in these arter-

ies, and in aorta from a previous study [24].

To associate the participation of endothelial NO in the ACh- induced response, it was ana-

lyzed by using L-NAME, a NOS inhibitor. The decreased vasodilator response induced by

ACh in the presence of L-NAME was grater in the rats fed with the DHA supplemented diet

than in control and orquidectomized groups, evidencing that DHA increases NO participa-

tion. This response can be related to an increase of eNOS activation [50] aside from the

increase in NO bioavailability, through the reduction of superoxide anion formation. The lack

of change in the response from the orchidectomized group indicates a reduction in the partici-

pation of NO and the involvement from other vasodilator mechanisms apart from NO, such as

prostanoids, when this is inhibited. Therefore, the role of prostanoids in ACh response was

elucidated by incubation with the COX inhibitor, indomethacin. The increased response in

orchidectomy suggests the involvement of vasoconstrictor prostanoids. For this reason, when

prostanoids are removed by indomethacin the relaxation to ACh is greater, although the par-

ticipation of other vasodilator factors cannot be discarded. However, in the DHA group
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vasodilator prostanoids are predominant, so ACh induced relaxation is smaller in the presence

of indomethacin which suggests that the diet does improve more vasodilator than vasocon-

strictor prostanoids. This is contrary to results found in aorta, where there was no modifica-

tion of this response [24], indicating that the vascular effect of DHA in the relaxing response

mediated by prostanoids depends on the vascular bed. It has been reported that when prosta-

noid synthesis is inhibited, NO synthesis is modified [25] and viceversa; also, other factors

could be working to compensate the loss of prostanoids [18].

In summary, orchidectomy was associated with endothelial dysfunction of mesenteric

artery caused from increased oxidative stress, by means of an augmented formation of prosta-

noids and superoxide production, and a reduction in endothelial NO formation. Also, the neu-

rogenic response was decreased. The DHA-supplemented diet decreased prostanoid and

superoxide levels, at the same time that increased NO formation and bioavailability in orchi-

dectomized rats, and recovered the neurogenic response that may account for a better regula-

tion of vascular function. The results obtained in this study together with others previously

reported [24] suggest that a DHA-supplemented diet may be helpful to treat cardiovascular

disease, since this PUFA exerts beneficial effects, in addition to the lipid profile, on the func-

tion of both conduit and resistance arteries.
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