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Abstract: This study aimed to determine whether low dietary Se content affects the function and
mechanisms mediating the vascular relaxation of rat aortas, and to test the role of oxidative stress in
observed differences. Male Sprague Dawley (SD) rats were maintained for 10 weeks on low Se (low-Se
group; N = 20) or normal Se content (norm-Se group; N = 20) rat chow. Dose responses to acetylcholine
(ACh; 10−9–10−5M) and the response to reduced pO2 were tested in noradrenaline-precontracted
aortic rings in the absence/presence of the nitric oxide synthase (NOS) inhibitor nitro-L-arginine
methyl ester (L-NAME), the cyclooxygenase 1 and 2 (COX-1, 2) inhibitor Indomethacin, and the
antioxidative agent Tempol in tissue bath. mRNA expression of glutathione peroxidase 1 (GPx1),
catalase (CAT), and Cu/Zn superoxide dismutase (SOD) was measured in rat aortas. Oxidative
stress (Thiobarbituric Acid Reactive Substances; TBARS), antioxidative plasma capacity (ferric
reducing ability of plasma assay; FRAP), and protein levels of GPx1 were measured in plasma
and serum samples, respectively. Reduced ACh-induced relaxation (AChIR) (dominantly mediated
by NO) in the low-Se group compared to the norm-Se group was restored by Tempol administration.
Hypoxia-induced relaxation (HIR) (dominantly mediated by COX-1, 2), TBARS, and FRAP as well
as GPx1 serum concentrations were similar between the groups. mRNA GPx1 expression in rat
aortas was significantly decreased in the low-Se compared to the norm-Se group. These data suggest
that low dietary Se content increases the local oxidative stress level, which subsequently affects the
NO-mediated vascular response.
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1. Introduction

It is well accepted that an increased oxidative stress level, which represents an imbalance
between prooxidants and antioxidants in favor of prooxidants, is one of the main contributors
to the development and progression of various pathological conditions linked to cardiovascular
diseases (CVDs), including atherosclerosis, hypertension, diabetes mellitus, hypercholesterolemia,
obesity, etc. [1,2]. Furthermore, endothelial dysfunction is considered to be a key early event in the
development of CVDs [3,4]. Endothelial cells are particularly susceptible to oxidative stress, not only
through reactive oxygen species (ROS)-mediated cell death, but also because of the compromised
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bioavailability of the normally protective mediator, NO [3,4]. Consequently, in the past few decades,
coronary artery disease, stroke, peripheral vascular disease, hypertension, and heart failure are
examples of CVDs that are considered to be valid targets for antioxidant therapy [5–9]. Antioxidant
therapy includes a wide variety of different approaches—from dietary interventions to the intake of
specific antioxidants. Still, the results of a number of studies on the benefits of antioxidants in vascular
health have not been conclusive, and there is still no consensus about the most effective antioxidant
therapeutic approach in CVDs [5,10–12].

Se has been recognized as a biological trace element which plays an important role in host oxidative
defense by virtue of its ability to incorporate into antioxidant enzymes as selenocysteine (SeCys) [13,14].
Glutathione peroxidase (GPx) and thioredoxin reductase (TR) are the main representatives of Se-containing
enzymes in humans [15]. Previous studies have shown that an increased activity of Se-dependent
GPx might prevent ROS-induced protein and DNA damage, while TRs are named accordingly by
their ability to reduce oxidized thioredoxin (Trx) [16]. Furthermore, a growing body of evidence
indicates that endothelial selenoproteins are involved in the regulation of: (1) the vascular tone
by maintaining the superoxide anion/NO balance; (2) cell adhesion by controlling cell adhesion
molecule expression; (3) apoptosis via inhibition/activation of apoptosis signal-regulating kinase-1;
and (4) eicosanoid production by controlling the activity of the cyclooxygenase 1 and 2 (COX-1, 2) and
lipoxygenases [17,18]. Accordingly, it became evident that Se and Se-contained enzymes may be directly
involved in the regulation of vascular inflammatory processes and atherogenesis [16]. Se dietary intake
may influence the pathogenesis of various CVDs [19–21]. Recent studies have shown that the activities of
GPx and TR can be altered by manipulating the Se content of a diet [18,21–25]. Furthermore, Se dietary
deficiency has been related to the etiology of various CVDs, while its supplementation contributed
to the protection of human endothelial cells from oxidative injury [26]. Thus, it became evident that
dietary Se deficiency, which occurs due to its inadequate intake, decreased absorption, or increased
loss, can be an important factor in the promotion and progression of CVDs, while on the other hand,
Se supplementation may prevent them. According to the World Health Organization, a diet containing
0.1 mg Se/kg of food is enough for normal growth and reproduction in mammals [27]. When taking
into account that the difference in Se concentrations in food sources depends on its content in soil,
and that the geographical distribution of Se ranges from Se deficient regions to Se rich regions [28], Se
deficiency may present a health issue in populations living in regions with low Se content in soil.

Even though Se was proposed to have an atheroprotective function, little is known about the
actual requirement and function of Se in maintaining normal vascular and endothelial function. Thus,
the aim of this study was: (1) to determine whether low dietary Se content affects vascular relaxation
mechanisms in rat aortic ring preparation; (2) to test the role of oxidative stress and antioxidative
enzymes in observed differences; and (3) to elucidate the mechanisms mediating vascular relaxation
during dietary Se level modulation. The main hypothesis is that low dietary Se content reduces
relaxation of the aortic rings in Sprague-Dawley (SD) male rats, and that increased local oxidative
stress plays an important role in this impairment. Under this hypothesis, exogenous Tempol, which
is considered a general purpose redox cycling agent rather than a specific superoxide dismutase
(SOD)-mimetic compound, would be expected to reverse any impairment of vascular reactivity
induced by low dietary Se content. mRNA expression of important antioxidant enzymes in rat aortas
is expected to be decreased in rats fed with low Se content chow.

2. Materials and Methods

2.1. Experimental Animals

The animals were grown and housed at the animal care facility of the Faculty of Medicine
at the Josip Juraj Strossmayer University of Osijek, Croatia, which is a registered and certified
user/breeder of mice and rats for educational and scientific purposes. The procuration of animals, the
husbandry, and all experimental procedures conformed to the ‘European Convention for the Protection
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of Vertebrate Animals used for Experimental and other Scientific Purposes’ (Council of Europe No 123,
Strasbourg 1985). Experiments were approved by the Ethical Committee of the Faculty of Medicine,
University of Osijek (Class: 602-04/14-08/06, No: 2158-61-07-14-05), and authorized by the Ministry of
Agriculture of the Republic of Croatia (Class: UP/I-322-01/14-01/90, No: 525-10/0255-15-4).

A total of forty, 4-week-old male SD rats were fed with two types of custom-made rat chow for
10 weeks. The animals were randomly divided into two groups according to the type of custom-made
rat chow administered. The low-Se group was fed with the plain rat chow with low Se content
(0.030 mg/kg) (N = 20). The norm-Se group was fed with the rat chow with normal Se content
(0.363 mg/kg) (N = 20). Fourteen rats from each group were used for functional aortic ring reactivity
experiments, and six animals from each group were used for measurement of Se content and molecular
experiments in thoracic aorta tissue.

According to the American Institute of Nutrition (AIN) and the TestDiet® AIN-93 Growth Purified
Diet, which represents the recommended growth diet for rodents, optimum Se content is 0.24 mg
Se/kg of food [29]. In accordance with AIN-93, the low Se rat chow used in this study contained
0.030 mg Se/kg of food, and the normal Se rat chow contained 0.363 mg Se/kg of food. Custom made
rat chow was prepared at the Faculty of Agriculture of the University of Osijek, Croatia, based on the
recipe of Mucedola (Mucedola S.R.L., 20019 Settimo Milanese, MI, Italy) (composition: wheat, maize,
toasted soya extraction flour, gluten maize flour, wheat straw, fish flour, medical herb flour, dicalcium
phosphate, calcium carbonate from calcite calcine, sodium chloride, whey powder, soybean oil, yeast;
additives (per kg): vitamin A 14,400 IU, vitamin D3 1260 IU, Fe 180 mg, Mn 54 mg, Zn 67.5 mg,
I 0.90 mg, Co 0.63 mg; technological additives: sepiolite 880 mg, humidity 12.00%, raw protein
18.50%, oil and row grass 3.00%, raw fiber 6.00%, rough ash 7.00%). The ingredients for the rat chow
preparation were standard except the Divana wheat, which was plain but low in Se, or wheat that
was bio fortified to the normal Se content (according to the Components of the AIN-93 Diets) [29].
The methods and amounts of applied Se were in accordance with earlier published results and with
agronomic biofortification strategies in order to improve nutrition [30,31].

SD rats were housed doubly in shoebox-style cages with free access to rat chow and tap water,
and maintained on a 12:12 h light:dark cycle. Rat weight was measured weekly from the 4th until the
14th week of age.

2.2. Surgery, Blood Collection, and Aortic Ring Acquisition

At the age of 14 weeks, the aortic ring experiments were conducted. For that purpose, the rats
were anaesthetized with a combination of ketamine (75 mg/kg) and midazolam (2.5 mg/kg). After
decapitation, the descending thoracic aorta was carefully and promptly dissected from the connective
tissue, placed in an oxygenated modified Krebs-Henseleit solution, and cut into rings of about 2–3 mm
in length. From one thoracic aorta, four aortic rings were obtained for functional vascular experiments
(n—number of aortic rings). The general procedures for thoracic aortic ring acquisition and preparation
were done according to the protocol already described in our laboratory. One part of the isolated
thoracic aortas was stored in liquid nitrogen until the measurement of Se content in the aorta tissue
(six rats from each experimental group).

2.3. Measurement of Isometric Tension of Rat Aortic Rings and Assessment of Aortic Ring Reactivity to
Acetylcholine and Reduced pO2

The aortic ring experiments were done according to the protocol already described in our
laboratory [32]. Short segments from each end of the isolated aorta were severed and discarded,
whereas the rest of the vessel was cut into rings (of about 3–4 mm in length). These rings were
mounted in tissue bath chambers containing the Krebs-Henseleit solution (maintained at 37 ◦C) with a
95% O2/5% CO2 compressed gas mixture bubbling through and connected to pressure transducers as
part of an Experimetria vessel ring preparation setup (purchased from Experimetria Ltd., Budapest,
Hungary). The data were continuously documented on a computer and later analyzed. The passive
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tension for each ring was set at 2.0 g. The vessels were allowed to equilibrate and stabilize for 1
h, replacing the Krebs-Henseleit solution every 15 min with fresh solution and readjusting passive
tension to 2.0 g as needed. Subsequently, the intactness of endothelium was tested by precontracting
the rings with 10−7 M (final concentration) noradrenaline (NA), allowing stabilization for 5 min and
inducing relaxation with 10−5 M acetylcholine (ACh). If the vessel ring failed to relax, it was not used
for further studies. If the vessel ring relaxed, it was washed three times with fresh solution and allowed
to equilibrate for 30 min, with washing occurring at 10 min intervals. After the initial test for vessel
viability and endothelial integrity, the rings were stabilized and then maximal contraction was induced
with 60 mM KCl+10−7 M NA. When a plateau was reached, the rings were washed three times with
fresh solution and allowed to equilibrate for 30 min, with washing occurring at 10 min intervals.

After this phase in the ACh relaxation protocol, aortic rings were precontracted with 10−7 M NA
for 5 min, and cumulative concentration-response curves to ACh were created by increasing the ACh
concentration in the tissue bath by the successive addition of appropriate dilutions of stock solutions
to achieve final bath concentrations of 10−9 to 10−5 M ACh. ACh relaxation protocol was done in the
absence and in the presence of one of the inhibitors or scavengers: (1) the nitric oxide synthase (NOS)
inhibitor, nitro-L-arginine methyl ester (L-NAME, 3 × 10−4 M); (2) the COX-1, -2 inhibitor, Indomethacin
(10−5 M); and (3) the superoxide scavenger, Tempol (10−5 M) in tissue bath. The relaxation was expressed
as the percentage of remaining contraction of the NA-induced vasoconstriction.

To test the vascular response to reduced pO2, the rings were precontracted with NA at a final
concentration of 10−7 M and allowed to stabilize at a maximum response (∼=5 min). Then the gas
equilibration mixture in the tissue bath was changed from 95% O2/5% CO2 to mixtures containing
0% O2/5% CO2/95%N2. Since the volume of each tissue bath was small (10 mL), equilibration with
the gases required only a few minutes. To verify that the ring was viable at the end of the hypoxic
relaxation protocol, the bath was changed to 95% O2/5% CO2 for 20 min. If the aortic ring did not
contract and develop a force approximately equal to the initial force development in response to 95%
O2, the force values obtained during exposure to hypoxia were eliminated from the analysis [33].
The hypoxic relaxation protocol was repeated with the presence of one of the inhibitors or scavengers:
L-NAME, Indomethacin, and Tempol.

2.4. Measurement of Se Content in Whole Blood and in Thoracic Aorta Tissue

Previous studies have shown that intracellular concentration of biological trace elements, such as
the concentration of trace elements in lymphocyte, is a better and more sensitive indicator of its status
than plasma concentration [34]. Thus, Se content in whole blood was measured, as well as its content
in thoracic aorta tissue. All tissue samples for measuring Se concentration were digested with 10 mL of
a 5:1 mixture of HNO3 and H2O2 at 180 ◦C for 60 min in a microwave oven (CEM Mars 6). The solution
of digested samples was prepared for measuring Se concentration by adding 5 mL of concentrated HCl
in order to reduce Se6+ to Se4+. The concentrations of Se in solutions of digested tissue samples were
determined by inductively coupled plasma optical emission spectrometry (ICP-OES) (Optima 2100 DV,
PerkinElmer Inc., Waltham, MA, SAD). Each batch of tissue samples run on the ICP was analyzed with
an internal pooled plasma control and with the reference material (Chicken, NCS Certified Reference
Material—NCS ZC73016, China National Analysis Center) prepared in the same way as the other
tissue samples. All samples were analyzed in duplicate.

2.5. Measurement of Oxidative Stress and Antioxidant Capacity

Blood samples were collected from the decapitation site, centrifuged at 3500 rpm for 10 min,
and serum samples were stored at −80 ◦C until the experiment. Experiments were performed according
to the protocol that was already described in our laboratory [35]. As a direct indicator of oxidative
stress, the spectrophotometric Thiobarbituric Acid Reactive Substances (TBARS) method was used for
measuring the products of lipid peroxidation with malondialdehyde (MDA) as standard (µmol l−1 MDA).
The products bind to a thiobarbituric acid (TBA) at low pH. Since the method is non-specific because
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the other substances bind to a TBA (including proteins), trichloroacetic acid (TCA) is first added to the
sample to precipitate the proteins, and after that the supernatant was used for the measurements [36].
The absorbance of the sample was measured at 572 and 532 nm.

Antioxidant capacity was assessed using the ferric reducing ability of plasma assay (FRAP).
Fe3+-TPTZ (2,4,6-tris(2-pyridyl)-s-triazine) is reduced to Fe2+-TPTZ in the presence of antioxidants,
and blue discoloration occurs. The absorbance of the sample was measured at 593 nm (Nanophotometer
P300 UV/VIS, IMPLEN), using Trolox as a standard (mmol Trolox) [37].

2.6. Measurement of Glutathione Peroxidase 1 Serum Concentration

The serum concentration of glutathione peroxidase 1 (GPX1) was measured with an enzyme-linked
Immunosorbent Assay (ELISA) Kit (Uscn Life Science Inc. Wuhan., P.R. China, Cat. No. E90295Ra).
The detection range of the ELISA kit was 1.56–100 ng/mL. The minimum detectable dose of rat GPX1
is typically less than 0.65 ng/mL. Intra-Assay Precision (precision within an assay): coefficient of
variation (CV) < 10% and Inter-Assay Precision (precision between assays): CV < 12%.

2.7. mRNA Expression of Antioxidative Enzymes in Rat Aortas

Aortas for molecular study were isolated and collected for the determination of gene expression
using quantitative polymerase chain reaction (rtPCR). Samples were rapidly frozen in liquid nitrogen
and stored at −80 ◦C until the experiment. Homogenization of samples and total RNA was extracted
using One Step RNA Reagent (Bio Basic Canada Inc., Markham, ON, Canada), according to the
protocol in [38]. RNA concentration and purity was assessed using Nanophotometer P300 UV/VIS,
IMPLEN, and RNA integrity was checked on 1% agarose gel. Purification of samples and the obtaining
of cDNA was made according to the manufacturer: Sigma-Aldrich, St. Louis, MO, USA) and Applied
Biosystems, Foster City, CA, USA.

To determine the expression of mRNA for antioxidative enzymes (GPx1, H2O2 scavenger—CAT
and/or Cu/Zn SOD), quantitative real-time PCR was performed on a CFX96 system (Bio Rad, Hercules,
CA, USA), and their relative expression was normalized to the expression of housekeeping gene
18S rRNAgene.

2.8. Reagents

NA, ACh, L-NAME, Indomethacin and Tempol were purchased from Sigma-Aldrich. Ketamine
and midazolam were obtained from Pfizer(New York City, NY, SAD). The Krebs-Henseleit solution
(composition: 113 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO4 × 7H2O, 22 mM NaHCO3, 1.2 mM KH2PO4,
11 mM glucose, 2.5 mM CaCl2 × 2H2O, 0.026 mM ethylenediaminetetraacetic acid (EDTA); pH 7.4)
was prepared from EDTA and purchased from Sigma-Aldrich, CaCl2 × 2H2O and NaHCO3 from
Merck KGaA, with the rest of the chemicals purchased from Kemika, Zagreb, Croatia. Gas mixtures
were purchased from Messer, Zagreb, Croatia. Total RNA was extracted using ONE STEP RNA
Reagent (Bio Basic Canada Inc., Markham, ON, Canada) according to the manufacturer’s protocol.
Deoxyribonuclease I kit (Sigma-Aldrich) was used to purify RNA. Complementary DNA (cDNA) was
synthetized by a High Capacity cDNA kit. Synthetized cDNA was diluted in nuclease free water (Sigma
Aldrich, Germany) and used for real-time PCR. The chemicals used to determine the oxidative stress
were thiobarbituric acid (TBA; Sigma-Aldrich), trichloroacetic acid (TCA; PanReac, Barcelona, Spain),
and 1,1,3,3-tetramethoxypropane (TMP; Sigma-Aldrich), and for FRAP analysis Trolox (Sigma-Aldrich),
2,4,6-tris(2-pyridyl)-s-triazine (TPTZ; Sigma-Aldrich), iron (III) chloride hexahydrate (FeCl3·6H2O;
Sigma-Aldrich), and sodium acetate trihydrate (Kemika, Zagreb, Croatia).

2.9. Statistical Analysis

Data were obtained by software provided by the setup manufacturer (Experimetria Ltd.) and then
transferred into a spreadsheet for statistical analyses with SigmaPlot v11.2 (Systat Software, Chicago,
IL, USA). All data are summarized as means ± SEM. Two-way ANOVA tests and Bonferroni post hoc
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tests were used to test differences in ACh-induced relaxation among groups. Half maximal effective
concentration (LogEC50) ACh values were compared by student t-tests or one-way Analysis of Variance
(ANOVA) tests followed by a Holm-Sidak pairwise multiple comparison when appropriate. A student
t-test was used to test the difference in hypoxia-induced dilation and antioxidative gene expression
among groups. A probability of p ≤ 0.05 was considered to be statistically significant. GraphPad
Prism v5.0 (GraphPad Software, Inc., La Jolla, CA, USA) was used for the graphic presentation of the
obtained results.

3. Results

3.1. Body Weight of Experimental Animals

Weekly rat weight measurement from the 4th until the 14th week of age has demonstrated that
there was no difference in the animals’ body weight between the two experimental groups of rats
during the whole diet protocol (Figure 1).

Figure 1. Body weight of experimental animals during dietary Se manipulation (from the 4th until
the 14th week of age). There was no significant difference in the experimental animals’ body weight
between the low-Se and the norm-Se groups of rats (p > 0.05).

3.2. Acetylcholine Induced Relaxation of Isolated Rat Aortic Rings

The low-Se group of rats exhibited significantly reduced relaxation of isolated rat aortic rings to
ACh compared to the norm-Se group of rats (Figure 2). Furthermore, analysis of isolated rat aortic
ring sensitivity to ACh demonstrated that the low-Se rats exhibited reduced sensitivity of isolated
aortic rings to ACh compared to isolated aortic rings of the norm-Se rats (table within Figure 2). Taken
together, the 10-week feeding regime with low Se content rat chow resulted in impaired vasorelaxation
of isolated rat aortic rings to ACh, as well as reduced sensitivity to ACh.

The mechanisms mediating the AChIR response of isolated rat aortic rings in experimental groups
of rats are presented in Figure 3. NO-mediated dilation of aortic rings was tested by the addition of the
eNOS inhibitor L-NAME, and the cyclooxygenase-dependent pathway was tested by the addition of
the non-selective COX-1, -2 inhibitor Indomethacin to the tissue bath. The presence of a high oxidative
stress level was functionally assessed by the addition of Tempol, which is considered a multifunctional
antioxidant rather than just a superoxide scavenger, to the tissue bath. In the norm-Se group, the
presence of L-NAME and Indomethacin significantly reduced the AChIR of isolated rat aortic rings,
which means that AChIR in norm-Se rats was mediated mainly by NO, with a significant contribution
of COX-1, -2 vasodilator metabolites as well (Figure 3A). Tempol administration did not have any
significant effect on AChIR in the norm-Se group of rats (Figure 3A), suggesting the oxidative stress
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level in the norm-Se group of rats was not increased. On the other hand, in the low-Se group, the
presence of L-NAME, but not Indomethacin, significantly reduced the AChIR of isolated rat aortic rings,
suggesting that AChIR was mediated mainly by NO without the contribution of COX-1, -2 vasodilator
metabolites in the low-Se group of rats (Figure 3B). Importantly, Tempol administration restored
the AChIR response in the low-Se group of rats to levels similar to the norm-Se group (Figure 3A),
suggesting that reduced AChIR in low-Se rats is probably provoked by an increased oxidative stress
level. Analysis of aortic ring sensitivity to ACh demonstrated that sensitivity to ACh in the presence
of L-NAME was significantly decreased compared to the basic response or response to ACh in the
presence of Indomethacin or Tempol in both the low-Se and norm-Se groups of rats (table within
Figure 3A,B).

Figure 3A,B present the relaxation of isolated aortic rings to ACh (presented as log [ACh] of
ACh concentration (10−9 to 10−5 M)) in norm-Se (Figure 3A) and low-Se groups of rats (Figure 3B).
The presence of L-NAME and Indomethacin significantly reduced the AChIR of isolated rat aortic rings
in the norm-Se group (Figure 3A), and only the presence of L-NAME significantly reduced AChIR
in the low-Se group of rats (Figure 3B). Tempol administration did not have any significant effect
on AChIR in the norm-Se group of rats (Figure 3A), while its administration significantly increased
AChIR response in the low-Se group of rats (Figure 3B). Data were compared by two-way ANOVA and
Bonferroni post hoc tests. Sensitivity to ACh in the presence of L-NAME was significantly decreased
compared to the basic response or response to ACh in the presence of Indomethacin or Tempol in both
the low-Se and norm-Se groups of rats. LogEC50 values were compared by one-way ANOVA followed
by a Holm-Sidak pairwise multiple comparison.

There was no difference in NO, and COX-1, -2 vasodilator mediators contributed vasorelaxation
to ACh in the low-Se and norm-Se groups of rats (L-NAME Log EC50 low-Se vs. norm-Se −6.014 vs.
−6.277, p > 0.05; Indomethacin Log EC50 low-Se vs. norm-Se −7.001 vs. −7.215, p > 0.05). Tempol did
not contribute differently to ACh vasorelaxation in low-Se or norm-Se rats (Tempol Log EC50 low-Se
vs. norm-Se −7.281 vs. −7.360, p > 0.05). Obtained data were compared by two-way ANOVA and
Bonferroni post hoc tests.

Figure 2. ACh induced relaxation (AChIR) of isolated rat aorta rings in the low-Se and norm-Se groups.
AChIR was significantly impaired in the low-Se group when compared to the norm-Se group of rats
with a 10−8–10−5 M ACh concentration. Norm-Se rats exhibited higher sensitivity to ACh compared to
Low-Se rats (table). Half maximal effective concentration (EC50) presents concentration of ACh (M)
which induces a response halfway between the baseline and maximum. LogEC50 values (shown in
corresponding tables) were compared by a Student t-test.
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Figure 3. Mechanisms of AchIR response of isolated rat aorta rings in norm-Se (A) and low-Se rats (B).
Used concentrations: ACh 10−9 to 10−5 M, L-NAME 3 × 10−4 M, Indomethacin 10−5 M, and Tempol
10−5 M. Half maximal effective concentration (EC50) presents the concentration of ACh (M) which
induces a response halfway between the baseline and maximum.

3.3. Hypoxia Induced Relaxation of Isolated Rat Aortic Rings

There was no statistically significant difference in the Hypoxia Induced Relaxation (HIR) of
isolated rat aortic rings between the low-Se and norm-Se groups of rats (% of relaxation to hypoxia
low-Se vs. norm-Se 49.63 ± 18.15 vs. 53.1 ± 21.16, p = 0.352). The mechanisms mediating HIR response
in the experimental groups of rats were tested in the same manner as in the AChIR protocol (addition
of L-NAME, Indomethacin, or Tempol in the tissue bath) and are presented in Figure 4. In both the
low-Se and norm-Se groups, the presence of Indomethacin but not L-NAME significantly reduced
HIR, suggesting that a vasodilator response to hypoxia was mediated mainly by COX-1, -2 vasodilator
metabolites, with no significant contribution of NO in both the norm-Se and low-Se groups of rats
(Figure 4A,B). Tempol administration did not have any significant effect on HIR response in either
experimental group (Figure 4A,B).

Figure 4. The mechanisms of hypoxia induced relaxation (HIR) response of isolated rat aorta rings in
norm-Se (A) and low-Se group (B).
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In both the norm-Se and low-Se groups, the presence of Indomethacin significantly reduced the
HIR of isolated rat aortic rings (Figure 4A,B). L-NAME and Tempol administration did not have any
significant effect on HIR in either group of rats (Figure 4A,B).

3.4. Se Content in Whole Blood and in Thoracic Aorta Tissue

The measurement of Se content in whole blood and in thoracic aorta tissue demonstrated that
Se content in both whole blood and in thoracic aorta tissue was significantly decreased in the low-Se
group compared to the normal-Se group of rats (Table 1). These results confirmed that the experimental
protocol was appropriately designed and conducted consistently.

Table 1. Se content in whole blood and in thoracic aorta tissue.

Experimental Group Low-Se Group Norm-Se Group

Whole blood Se (µg/mL) 0.45 ± 0.01 0.54 ± 0.02 ***

Thoracic aorta tissue Se (µg/mg) 0.12 ± 0.01 0.20 ± 0.01 ***

Data are expressed as mean ± SEM. SEM- standard error of the mean. *** p < 0.001 low-Se vs. norm-Se group.

3.5. Plasma Oxidative Stress (TBARS) and Antioxidant Capacity (FRAP)

The spectrophotometric measurement of the plasma oxidative stress level and antioxidant capacity
has demonstrated that there was no significant difference in both plasma oxidative stress (TBARS µmol
MDA low-Se 10.57 ± 0.04 vs. norm-Se 10.66 ± 0.12, p = 0.095) and antioxidant capacity levels (FRAP
mmol Trolox low-Se 0.028 ± 0.003 vs. norm-Se 0.028 ± 0.01, p = 0.895) between the experimental
groups of rats.

3.6. Glutathione Peroxidase 1 Serum Concentration

The measurement of GPX1 serum concentration using the enzyme-linked immunosorbent assay
(ELISA) (demonstrated that there was no significant difference in the GPX1 serum concentration
between the low-Se and norm-Se groups of rats (GPX1 ng/mL low-Se group 5.17 ± 1.05 vs. norm-Se
group 4.85 ± 0.86, p = 0.516).

3.7. mRNA Expression of Antioxidative Enzymes in Rat Aorta

The determination of relative gene expression using quantitative rtPCR has demonstrated that
mRNA expression of GPx1 in rat aortic tissue was significantly reduced in the low-Se group compared
to the norm-Se group of rats (p = 0.017). CAT and Cu/Zn SOD mRNA expression in rat aorta did not
differ between the two experimental groups of rats (Table 2).

Table 2. Relative mRNA expression of GPx1, CAT and Cu/Zn SOD genes in thoracic aorta tissue.

Experimental Group GPx1 CAT Cu/Zn SOD

low-Se group 1.70 ± 0.37 * 8.90 ± 0.84 1.91 ± 0.24
norm-Se group 3.52 ± 0.37 15.64 ± 3.19 2.13 ± 0.37

Data are presented as mean ± SEM. GPx1—glutathione peroxidase 1; CAT—catalase; Cu/Zn SOD—Cu/Zn
superoxide dismutase. p < 0.05 low-Se vs. norm-Se group (p = 0.016).

4. Discussion

Many observational studies have shown that increased dietary intake or the high blood
concentration of antioxidants are associated with a reduced risk of CVDs [5–9]. However, in order
to understand at least one part of the mechanisms linking antioxidants to CVDs, it was necessary to
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assess the potential effects of antioxidant deficiency and its supplementation (e.g., nutrients biofortified
with the Se, which are part of important antioxidant enzymes) on vascular function.

The salient finding of the present study is that low dietary Se content affected vascular relaxation
mechanisms and attenuated the AChIR of rat aortic rings potentially due to increased oxidative stress
in rat aortas (i.e., decreased mRNA expression of vascular GPx1). In vitro Tempol administration
restored AChIR in rats fed with low Se chow, confirming an impaired function of the antioxidative
defense system in low-Se rats. Furthermore, since AChIR (predominantly mediated by NO) was more
affected by low-Se dietary content than HIR (predominantly mediated by COX-1, -2 metabolites),
it seems that increased oxidative stress by low dietary Se primarily affected a NO-mediated response
of rat aortic rings.

4.1. Se Dietary Content and Supplementation

As already mentioned, the Se dietary content in rat chow for both experimental groups was
appropriate, since 0.030 mg Se/kg of food was considered low and 0.363 mg Se/kg of food was
considered normal content in accordance with AIN-93 [29]. The biofortification of wheat in rat chow
did not have any adverse effect on the weight of the rats in the different experimental groups (Figure 1),
which is consistent with previous studies [17]. The feeding regimen used in these experiments was
successful in producing normalized Se content in whole blood and in the thoracic aorta wall in the
norm-Se group, compared to the low-Se group (Table 1).

4.2. Influence of Se Dietary Content on Vascular Function

Se oral supplementation in the form of a pill is widespread, and is available as an over-the-counter
drug to the general population. It is well accepted that oxidative stress is one of the main contributors
to endothelial dysfunction, and since Se is recognized for its proposed atheroprotective function
and its antioxidant and anti-inflammatory properties, it is surprising that there is still a paucity of
inconsistent data on the vascular effects of dietary Se modulation in both experimental animal and
human studies [17,18]. For example, a sub-study of the SUpplementation en VItamines et Minéraux
AntioXydants (SU.VI.MAX) study has shown no marked beneficial effects of long-term daily low-dose
supplementation of antioxidant vitamins (vitamin C and E, beta carotene) and minerals (Se) on carotid
structure and arterial stiffness in healthy middle-aged volunteers [5]. On the other hand, the long-term
intake of Se, calcium, and dairy products were positively associated with capillary recruitment in skin
nutritive microcirculation in healthy young men [39]. Furthermore, Se deficiency was associated with
adverse arterial function (pulse wave velocity) in patients with a high risk for vascular events [40].
Even less is known about the biochemical processes and possible vascular mechanism changes affected
by Se intake.

In 1987, Funk et al. showed that Se deficiency can affect the formation of prostacyclin and other
oxygenated metabolites of polysaturated fatty acids by rat and rabbit aorta, possibly by increasing lipid
peroxidation [41]. Furthermore, Se deficiency, by decreasing GPx activity, makes human umbilical
vein endothelial cells (HUVECs) susceptible to peroxide-induced inhibition of the COX activity of
prostaglandin H2 synthase, resulting in decreased prostacyclin production [42], which is consistent
with the results of the present study. Low Se intake leads to severe changes in the vessel walls in
spontaneously hypertensive rats, whereas Se supplementation slows down the elastin degradation
and degenerative changes of the vessel walls [17]. Se supplementation improved the impairment
of endothelium-dependent vasorelaxation in thoracic aorta of diabetic rats, possibly by regulating
the antioxidant enzyme and NO release [43]. Furthermore, ACh dependent relaxation of aortic
rings has been shown to be significantly diminished in vitamin E- and Se-deficient rats with
hypercholesterolemia, compared to vitamin E- and Se-sufficient rats with hypercholesterolemia [44].
Interestingly, 3 days of Se supplementation in the form of an intraperitoneal injection of sodium selenite
enhanced ACh-induced endothelium-dependent relaxation of rat aortic rings compared to control
rats [45]. To our knowledge, the present study is the first study investigating the influence of dietary



Int. J. Environ. Res. Public Health 2017, 14, 591 11 of 15

Se modulation by biofortified wheat on vascular reactivity (to different stimuli, e.g., ACh, hypoxia) in
healthy SD male rats, which confirmed the hypothesis that low Se dietary content impairs reactivity of
rat aortas probably due to increased levels of oxidative stress.

4.3. Influence of Se Dietary Content on Oxidative Stress

The results of the present study have demonstrated that locally increased oxidative stress plays
an important role in the impaired vascular relaxation responses in low-Se rats (Figure 3B, Table 2).
Importantly, increased oxidative stress was found only locally in the blood vessel tissue and not in the
serum of low-Se experimental rats (Table 2). In order to evaluate the local antioxidant properties of
Se dietary content, we measured the mRNA expression of three antioxidative enzymes: GPx1, CAT,
and Cu/Zn SOD in aortic tissue (Table 2). It was previously reported that these three enzymes act in
a cooperative or synergistic way to ensure a global cell protection [46]. Due to the results of earlier
studies in animal models which reported that GPx1 has a major role in the prevention of oxidative
stress, it was suggested that GPx1 may also be important in the regulation of vascular and endothelial
functions [47]. It has been demonstrated that mice that are heterozygous for GPx1 deficiency have
endothelial dysfunction combined with structural vascular abnormalities [48]. Regarding potential
mechanisms mediating the influence of GPx1 deficiency and endothelial dysfunction, it has been shown
that GPx1 deficiency apparently decreases bioavailable NO in mice [49]. Se dietary deficiency has been
shown to redistribute intracellular Se among the selenoproteins and GPx proteins [50]. Since GPx1 has
been shown to be highly sensitive, and GPx2 and GPx4 more resistant to changes in Se dietary content,
there has been much interest in the effects of dietary Se modulation on GPx activity (especially red
blood cell GPx) and mRNA levels, since these may provide potential biomarkers of Se status [51–54].
Accordingly, studies on experimental animal models tended to demonstrate this potentially clear
relationship between Se content with the activity of its corresponding enzyme (e.g., GPx, TR). Wu
et al. showed a positive relationship between dietary Se and the antioxidant capacity of rat arterial
walls [26]. They reported that the regulation mechanisms of transcriptional TR and GPx genes by
Se in rat arterial walls are different: regulation of the expression of TR was mediated by ROS, but
expression of GPx was influenced by Se status in arterial walls [26]. Se supplementation in a form
of selenomethionine significantly increased the GPx1 activity in the whole blood of spontaneously
hypertensive rats compared to the rats on an adequate Se diet [18]. Se supplementation improved
the redox status and increased antioxidant levels in poultry as well [55]. The increase of GPx1 (serum
activity and/or mRNA expression in liver) due to dietary Se supplementation has been found in
rodents [56,57], and GPx activity in different tissues has been shown to be affected by Se availability
to differing extents [58]. Our results are consistent with these findings, since we demonstrated a
significantly higher mRNA expression of GPx1 in aorta walls in rats that were fed with Se biofortified
rat chow relative to normal Se values, compared to the low-Se rat group (Table 2). While GPx1 is a
Se-dependent peroxidase, CAT is considered a Se-independent redox-protective peroxidase that is
functionally linked to the selenoenzymes of the thioredoxin reductase family through their thioredoxin
cofactors [59]. Thus, Se dietary intake may have impact (direct and indirect) on both GPx1 and
CAT. Consistent with these data, the results of the present study have demonstrated decreased GPx1
mRNA expression in rat aortas in Se deficient rats compared to the rats fed by Se biofortified rat
chow. In addition, while most studies were focused on the effects of Se deficiency/supplementation on
different forms of GPx activities, and others have investigated the effects of Se supplementation on GPx
activity in different tissues [24,60], there is a paucity of functional data on the influence of a changed
oxidative milieu due to dietary Se modulation on vascular function. Besides its superoxide dismutase
mimetic action, Tempol has the efficacy to metabolize cellular O2 and H2O2, as well as to protect cells
from the damaging effects of the hydroxyl radical (·OH). Thus, Tempol is considered a multifunctional
antioxidant that reacts with a diverse range of biological oxidants, and it serves as an appropriate
substance for indirect general oxidative stress assessment in functional vascular experiments [61].
The present study is the first to demonstrate that Tempol administration restored vascular relaxation
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to ACh in rats that were fed low Se content rat chow, suggesting that AChIR attenuation in those rats
could occur to increase oxidative stress (Figure 3B).

This study had limitations that should be noted. Since the salient finding of the present study
is that low dietary Se content affected vascular relaxation of rat aortic rings due to locally increased
oxidative stress in rat aortas, the lack of direct measurement of oxidative stress in aortic tissue
(e.g., the visualization of emerging ROS in aortic tissue) could be considered a study limitation.
Such measurements should be taken into account in future studies evaluating the interrelation between
Se dietary modulation, oxidative stress level, and vascular function.

5. Conclusions

In summary, this is the first functional vascular study that: (1) confirms the deleterious effect
of low dietary Se content on macrovascular function in SD rats; (2) demonstrates a significant effect
of increased oxidative stress on AChIR attenuation in low-Se rats; (3) indicates that a possible cause
of increased oxidative stress in low-Se rats is the decreased mRNA expression of an important
antioxidant enzyme, GPx1; (4) shows that the dietary Se supplementation to normal Se levels by
natural biofortification of wheat improves the AChIR of rat aortas; and (5) indicates that since AChIR
(predominantly mediated by NO) was more affected by low dietary Se content than HIR (predominantly
mediated by COX-1, -2 metabolites), that increased oxidative stress affects a NO-mediated response
probably due to the decreased bioavailability of NO in rat aortas.

Acknowledgments: This study was supported by grants from the Ministry of Science, Education and Sports
of the Republic of Croatia, #219-2160133-2034 and #079-0790462-0450; the Cro-Hu bilateral project “Common
pathways for microcirculatory dysfunction in diabetes mellitus and hypertension” (2009–2011); and the Norwegian
Ministry of Foreign Affairs Program in Higher Education, Research and Development HERD/Agriculture project
“Cooperation in education and research on mineral improved crop production for human and animal health in
Balkan Countries” (number 09/1548).

Author Contributions: Ana Stupin—formulated the research question, designed the study, carried it out, analyzed
the data, and wrote the article; Anita Cosic—designed the study, carried it out, analyzed the data, and wrote the
article; Sanja Novak—designed the study, carried out the study, analyzed the data; Monika Vesel—carried out the
study, analyzed the data; Ivana Jukic—carried out the study, analyzed the data; Brigita Popovic—carried out the
study, analyzed the data; Krunoslav Karalic—carried out the study, analyzed the data; Zdenko Loncaric—designed
the study, analyzed the data, and wrote the article; Ines Drenjancevic—formulated the research question, designed
the study, carried it out, analyzed the data, and wrote the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Le Brocq, M.; Leslie, S.J.; Milliken, P.; Megson, I.L. Endothelial dysfunction: From molecular mechanisms to
measurement, clinical implications, and therapeutic opportunities. Antioxid. Redox Signal 2008, 10, 1631–1674.
[CrossRef] [PubMed]

2. Goszcz, K.; Deakin, S.J.; Duthie, G.G.; Stewart, D.; Leslie, S.J.; Megson, I.L. Antioxidants in Cardiovascular
Therapy: Panacea or False Hope? Front. Cardiovasc. Med. 2015, 2, 29. [CrossRef] [PubMed]

3. Cai, H.; Harrison, D.G. Endothelial dysfunction in cardiovascular diseases: The role of oxidant stress.
Circ. Res. 2000, 87, 840–844. [CrossRef] [PubMed]

4. Harrison, D.G. Endothelial function and oxidant stress. Clin. Cardiol. 1997, 20, II-11–II-17. [PubMed]
5. Zureik, M.; Galan, P.; Bertrais, S.; Mennen, L.; Czernichow, S.; Blacher, J.; Ducimetière, P.; Hercberg, S. Effects

of long-term daily low-dose supplementation with antioxidant vitamins and minerals on structure and
function of large arteries. Arterioscler. Thromb. Vasc. Biol. 2004, 24, 1485–1491. [CrossRef] [PubMed]

6. Jialal, I.; Devaraj, S. Antioxidants and atherosclerosis: Don’t throw out the baby with the bath water.
Circulation 2003, 164, 926–928. [CrossRef]

7. Salonen, R.M.; Nyyssonen, K.; Kaikkonen, J.; Porkkala-Sarataho, E.; Voutilainen, S.; Rissanen, T.H.;
Tuomainen, T.P.; Valkonen, V.P.; Ristonmaa, U.; Lakka, H.M.; et al. Antioxidant Supplementation in
Atherosclerosis Prevention Study. Six year effect of combined vitamin C and E supplementation on
atherosclerotic progression: ASAP study. Circulation 2003, 107, 947–953. [CrossRef] [PubMed]

http://dx.doi.org/10.1089/ars.2007.2013
http://www.ncbi.nlm.nih.gov/pubmed/18598143
http://dx.doi.org/10.3389/fcvm.2015.00029
http://www.ncbi.nlm.nih.gov/pubmed/26664900
http://dx.doi.org/10.1161/01.RES.87.10.840
http://www.ncbi.nlm.nih.gov/pubmed/11073878
http://www.ncbi.nlm.nih.gov/pubmed/9422847
http://dx.doi.org/10.1161/01.ATV.0000136648.62973.c8
http://www.ncbi.nlm.nih.gov/pubmed/15217803
http://dx.doi.org/10.1161/01.CIR.0000048966.26216.4C
http://dx.doi.org/10.1161/01.CIR.0000050626.25057.51
http://www.ncbi.nlm.nih.gov/pubmed/12600905


Int. J. Environ. Res. Public Health 2017, 14, 591 13 of 15

8. Stephens, N.G.; Parsons, A.; Schofield, P.; Kelly, F.; Cheeseman, K.; Mitchinson, M.J. Randomised controlled
trial of vitamin E in patients with coronary disease: Cambridge Heart Antioxidant Study (CHAOS). Lancet
1996, 347, 781–786. [CrossRef]

9. Fang, J.; Kinlay, S.; Beltrame, J.; Hikiti, H.; Wainstein, M.; Behrendt, D.; Suh, J.; Frei, B.; Mudge, G.H.;
Selwyn, A.P.; et al. Effect of vitamins C and E on progression of transplant-associated arteriosclerosis:
A randomized trial. Lancet 2002, 359, 1108–1113. [CrossRef]

10. Hercberg, S.; Galan, P.; Preziosi, P.; Bertrais, S.; Mennen, L.; Malvy, D.; Roussel, A.M.; Favier, A.; Briançon, S.
The SU.VI.MAX Study: A randomized, placebo-controlled trial of the health effects of antioxidant vitamins
and minerals. Arch. Intern. Med. 2004, 164, 2335–2342. [CrossRef] [PubMed]

11. Collaborative Group of the Primary Prevention Project. Low-dose aspirin and vitamin E in people at
cardiovascular risk: A randomised trial in general practice. Lancet 2001, 357, 89–95.

12. Yusuf, S.; Dagenais, G.; Pogue, J.; Bosch, J.; Sleight, P. Vitamin E supplementation and cardiovascular events
in high-risk patients. The Heart Outcomes Prevention Evaluation Study Investigators. N. Engl. J. Med. 2000,
342, 154–160. [PubMed]

13. Schwarz, K.; Foltz, C.M. Selenium as an integral part of factor 3 against dietary necrotic liver degeneration.
J. Am. Chem. Soc. 1957, 79, 3292–3293. [CrossRef]

14. Berry, M.J.; Bannu, L.; Harney, J.W.; Larsen, P.R. Functional characterization of the eukaryotic SECIS elements
which direct selenocysteine insertion at UGA codons. EMBO J. 1993, 12, 3315–3322. [PubMed]

15. Combs, G.F., Jr. Selenium in global food systems. Br. J. Nutr. 2001, 85, 517–547. [CrossRef] [PubMed]
16. Brigelius-Flohé, R.; Banning, A.; Schnurr, K. Selenium-dependent enzymes in endothelial cell function.

Antioxid. Redox Signal. 2003, 5, 205–215. [CrossRef] [PubMed]
17. Ruseva, B.; Atanasova, M.; Georgieva, M.; Shumkov, N.; Laleva, P. Effects of selenium on the vessel walls

and anti-elastin antibodies in spontaneously hypertensive rats. Exp. Biol. Med. 2012, 237, 160–166. [CrossRef]
[PubMed]

18. Ruseva, B.; Atanasova, M.; Tsvetkova, R.; Betova, T.; Mollova, M.; Alexandrova, M.; Laleva, P.; Dimitrova, A.
Effect of Selenium Supplementation on Redox Status of the Aortic Wall in Young Spontaneously Hypertensive
Rats. Oxid. Med. Cell. Longev. 2015, 609053. [CrossRef] [PubMed]

19. Blankenberg, S.; Rupprecht, H.J.; Bickel, C.; Torzewski, M.; Hafner, G.; Tiret, L.; Smieja, M.; Cambien, F.;
Meyer, J.; Lackner, K.J.; et al. Glutathione peroxidase 1 activity and cardiovascular events in patients with
coronary artery disease. N. Engl. J. Med. 2003, 349, 1605–1613. [CrossRef] [PubMed]

20. Moghadaszadeh, B.; Beggs, A.H. Selenoproteins and their impact on human health through diverse
physiological pathways. Physiology 2006, 21, 307–315. [CrossRef] [PubMed]

21. Zhou, X.; Ji, W.J.; Zhu, Y.; He, B.; Li, H.; Huang, T.G.; Li, Y.M. Enhancement of endogenous defenses against
ROS by supra-nutritional level of selenium is more safe and effective than antioxidant supplementation in
reducing hypertensive target organ damage. Med. Hypotheses 2007, 68, 952–956. [CrossRef] [PubMed]

22. Schnabel, R.; Lubos, E.; Messow, C.M.; Sinning, C.R.; Zeller, T.; Wild, P.S.; Peetz, D.; Handy, D.E.; Munzel, T.;
Loscalzo, J.; et al. Selenium supplementation improves antioxidant capacity in vitro and in vivo in patients
with coronary artery disease: The SElenium Therapy in Coronary Artery disease Patients (SETCAP) Study.
Am. Heart J. 2008, 156, 1201.e1–1201.e11. [CrossRef] [PubMed]

23. Baliga, M.S.; Wang, H.; Zhuo, P.; Schwartz, J.L.; Diamond, A.M. Selenium and GPx-1 overexpression protect
mammalian cells against UV-induced DNA damage. Biol. Trace Elem. Res. 2007, 115, 227–242. [CrossRef]
[PubMed]

24. Bermingham, E.N.; Hesketh, J.E.; Sinclair, B.R.; Koolaard, J.P.; Roy, N.C. Selenium-enriched foods are
more effective at increasing glutathione peroxidase (GPx) activity compared with selenomethionine:
A meta-analysis. Nutrients 2014, 6, 4002–4031. [CrossRef] [PubMed]

25. Lewin, M.H.; Arthur, J.R.; Riemersma, R.A.; Nicol, F.; Walker, S.W.; Millar, E.M.; Howie, A.F.; Beckett, G.J.
Selenium supplementation acting through the induction of thioredoxin reductase and glutathione
peroxidase protects the human endothelial cell line EAhy926 from damage by lipid hydroperoxides.
Biochim. Biophys. Acta 2002, 1593, 85–92. [CrossRef]

26. Wu, Q.; Huang, K.; Xu, H. Effects of long term selenium deficiency on glutathione peroxidase and thioredoxin
reductase activities and expressions in rat aorta. J. Inorg. Biochem. 2003, 94, 301–306. [CrossRef]

27. World Health Organization (WHO). Trace Elements in Human Nutrition and Health; Selenium; WHO: Geneva,
Switzerland, 1996; pp. 105–122.

http://dx.doi.org/10.1016/S0140-6736(96)90866-1
http://dx.doi.org/10.1016/S0140-6736(02)08154-0
http://dx.doi.org/10.1001/archinte.164.21.2335
http://www.ncbi.nlm.nih.gov/pubmed/15557412
http://www.ncbi.nlm.nih.gov/pubmed/10639540
http://dx.doi.org/10.1021/ja01569a087
http://www.ncbi.nlm.nih.gov/pubmed/8344267
http://dx.doi.org/10.1079/BJN2000280
http://www.ncbi.nlm.nih.gov/pubmed/11348568
http://dx.doi.org/10.1089/152308603764816569
http://www.ncbi.nlm.nih.gov/pubmed/12716480
http://dx.doi.org/10.1258/ebm.2011.011212
http://www.ncbi.nlm.nih.gov/pubmed/22312058
http://dx.doi.org/10.1155/2015/609053
http://www.ncbi.nlm.nih.gov/pubmed/26473024
http://dx.doi.org/10.1056/NEJMoa030535
http://www.ncbi.nlm.nih.gov/pubmed/14573732
http://dx.doi.org/10.1152/physiol.00021.2006
http://www.ncbi.nlm.nih.gov/pubmed/16990451
http://dx.doi.org/10.1016/j.mehy.2006.09.058
http://www.ncbi.nlm.nih.gov/pubmed/17126495
http://dx.doi.org/10.1016/j.ahj.2008.09.004
http://www.ncbi.nlm.nih.gov/pubmed/19033020
http://dx.doi.org/10.1007/BF02685998
http://www.ncbi.nlm.nih.gov/pubmed/17625244
http://dx.doi.org/10.3390/nu6104002
http://www.ncbi.nlm.nih.gov/pubmed/25268836
http://dx.doi.org/10.1016/S0167-4889(02)00333-6
http://dx.doi.org/10.1016/S0162-0134(03)00058-8


Int. J. Environ. Res. Public Health 2017, 14, 591 14 of 15

28. Reilly, C. Selenium in Food and Health; Springer Science & Business Media: Berlin/Heidelberg, Germany,
2006; p. 9.

29. Reeves, P. Components of the AIN-93 Diets as Improvements in the AIN-76A Diet. J. Nutr. 1997, 127,
838S–841S. [PubMed]

30. Cakmak, I. Enrichment of cereal grains with zinc: Agronomic or genetic biofortification? Plant Soil 2008, 302,
1–17. [CrossRef]

31. Lyons, G.H.; Lewis, J.; Lorimer, M.F.; Holloway, R.E.; Brace, D.M.; Stangoulis, J.C.R.; Graham, R.D.
High-selenium wheat: Agronomic biofortification strategies to improve human nutrition. Food Agric. Environ.
2004, 2, 171–178.

32. Kibel, A.; Novak, S.; Cosic, A.; Mihaljevic, Z.; Falck, J.R.; Drenjancevic, I. Hyperbaric oxygenation modulates
vascular reactivity to angiotensin-(1-7) in diabetic rats: Potential role of epoxyeicosatrienoic acids. Diab Vasc.
Dis. Res. 2015, 12, 33–45. [CrossRef] [PubMed]

33. Kunert, M.P.; Dwinell, M.R.; Lombard, J.H. Vascular responses in aortic rings of a consomic rat panel derived
from the Fawn Hooded Hypertensive strain. Physiol. Genomics 2010, 42A, 244–258. [CrossRef] [PubMed]

34. Bao, B.; Prasad, A.S.; Beck, F.W.; Fitzgerald, J.T.; Snell, D.; Bao, G.W.; Singh, T.; Cardozo, L.J. Zinc decreases
C-reactive protein, lipid peroxidation, and inflammatory cytokines in elderly subjects: A potential implication
of zinc as an atheroprotective agent. Am. J. Clin. Nutr. 2010, 91, 1634–1641. [CrossRef] [PubMed]

35. Cosic, A.; Jukic, I.; Stupin, A.; Mihalj, M.; Mihaljevic, Z.; Novak, S.; Vukovic, R.; Drenjancevic, I. Attenuated
flow-induced dilatation of middle cerebral arteries is related to increased vascular oxidative stress in rats on
a short-term high salt diet. J. Physiol. 2016, 594, 4917–4931. [CrossRef] [PubMed]

36. Oakes, K.D.; Van Der Kraak, G.J. Utility of the TBARS assay in detecting oxidative stress in white sucker
(Catostomus commersoni) populations exposed to pulp mill effluent. Aquat. Toxicol. 2003, 63, 447. [CrossRef]

37. Benzie, I.F.; Strain, J.J. The ferric reducing ability of plasma (FRAP) as a measure of ‘antioxidant power’: The
FRAP assay. Anal. Biochem. 1996, 239, 70–76. [CrossRef] [PubMed]

38. Chomczynski, P.; Sacchi, N. Single-step method of RNA isolation by acid guanidiniumthiocyanate-
phenol-chloroform extraction. Anal. Biochem. 1987, 162, 156–159. [CrossRef]

39. Buss, C.; Marinho, C.; Maranhão, P.A.; Bouskela, E.; Kraemer-Aguiar, L.G. Long-term dietary intake of
selenium, calcium, and dairy products is associated with improved capillary recruitment in healthy young
men. Eur. J. Nutr. 2013, 52, 1099–1105. [CrossRef] [PubMed]

40. Chan, Y.H.; Siu, C.W.; Yiu, K.H.; Chan, H.T.; Li, S.W.; Tam, S.; Cheung, B.M.; Lau, C.P.; Lam, T.H.; Tse, H.F.
Adverse systemic arterial function in patients with selenium deficiency. J. Nutr. Health Aging 2012, 16, 85–88.
[CrossRef] [PubMed]

41. Funk, C.D.; Boubez, W.; Powell, W.S. Effects of selenium-deficient diets on the production of prostaglandins
and other oxygenated metabolites of arachidonic acid and linoleic acid by rat and rabbit aortae.
Biochim. Biophys. Acta 1987, 921, 213–220. [CrossRef]

42. Hampel, G.; Watanabe, K.; Weksler, B.B.; Jaffe, E.A. Selenium deficiency inhibits prostacyclin release and
enhances production of platelet activating factor by human endothelial cells. Biochim. Biophys. Acta 1989,
1006, 151–158. [CrossRef]

43. Oztürk, Z.; Gurpinar, T.; Vural, K.; Boyacıoglu, S.; Korkmaz, M.; Var, A. Effects of selenium on endothelial
dysfunction and metabolic profile in low dose streptozotocin induced diabetic rats fed a high fat diet.
Biotech. Histochem. 2015, 90, 506–515. [CrossRef] [PubMed]

44. Raij, L.; Nagy, J.; Coffee, K.; DeMaster, E.G. Hypercholesterolemia promotes endothelial dysfunction in
vitamin E- and selenium-deficient rats. Hypertension 1993, 22, 56–61. [CrossRef] [PubMed]

45. Lu, X.; Liu, S.Y.; Man, R.Y. Enhancement of endothelium dependent relaxation in the rat aortic ring by
selenium supplement. Cardiovasc. Res. 1994, 28, 345–348. [CrossRef] [PubMed]

46. Michiels, C.; Raes, M.; Toussaint, O.; Remacle, J. Importance of Se-glutathione peroxidase, catalase,
and Cu/Zn-SOD for cell survival against oxidative stress. Free Radic. Biol. Med. 1994, 17, 235–348. [CrossRef]

47. Glass, C.K.; Witztum, J.L. Atherosclerosis: The road ahead. Cell 2001, 104, 503–516. [CrossRef]
48. Forgione, M.A.; Cap, A.; Liao, R.; Moldovan, N.I.; Eberhardt, R.T.; Lim, C.C.; Jones, J.; Goldschmidt-Clermont, P.J.;

Loscalzo, J. Heterozygouscellular glutathione peroxidase deficiency in the mouse: abnormalities in vascular
and cardiac function and structure. Circulation 2002, 106, 1154–1158. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/9164249
http://dx.doi.org/10.1007/s11104-007-9466-3
http://dx.doi.org/10.1177/1479164114553424
http://www.ncbi.nlm.nih.gov/pubmed/25326234
http://dx.doi.org/10.1152/physiolgenomics.00124.2010
http://www.ncbi.nlm.nih.gov/pubmed/20841496
http://dx.doi.org/10.3945/ajcn.2009.28836
http://www.ncbi.nlm.nih.gov/pubmed/20427734
http://dx.doi.org/10.1113/JP272297
http://www.ncbi.nlm.nih.gov/pubmed/27061200
http://dx.doi.org/10.1016/S0166-445X(02)00204-7
http://dx.doi.org/10.1006/abio.1996.0292
http://www.ncbi.nlm.nih.gov/pubmed/8660627
http://dx.doi.org/10.1016/0003-2697(87)90021-2
http://dx.doi.org/10.1007/s00394-012-0419-0
http://www.ncbi.nlm.nih.gov/pubmed/22821285
http://dx.doi.org/10.1007/s12603-011-0086-5
http://www.ncbi.nlm.nih.gov/pubmed/22238006
http://dx.doi.org/10.1016/0005-2760(87)90021-X
http://dx.doi.org/10.1016/0005-2760(89)90189-6
http://dx.doi.org/10.3109/10520295.2015.1042050
http://www.ncbi.nlm.nih.gov/pubmed/25978137
http://dx.doi.org/10.1161/01.HYP.22.1.56
http://www.ncbi.nlm.nih.gov/pubmed/8319992
http://dx.doi.org/10.1093/cvr/28.3.345
http://www.ncbi.nlm.nih.gov/pubmed/8174154
http://dx.doi.org/10.1016/0891-5849(94)90079-5
http://dx.doi.org/10.1016/S0092-8674(01)00238-0
http://dx.doi.org/10.1161/01.CIR.0000026820.87824.6A
http://www.ncbi.nlm.nih.gov/pubmed/12196344


Int. J. Environ. Res. Public Health 2017, 14, 591 15 of 15

49. Forgione, M.A.; Weiss, N.; Heydrick, S.; Cap, A.; Klings, E.S.; Bierl, C.; Eberhardt, R.T.; Farber, H.W.;
Loscalzo, J. Cellular glutathione peroxidase deficiency and endothelial dysfunction. Am. J. Physiol. Heart
Circ. Physiol. 2002, 282, H1255–H1261. [CrossRef] [PubMed]

50. Bermano, G.; Nicol, F.; Dyer, J.A.; Sunde, R.A.; Beckett, G.J.; Arthur, J.R.; Hesketh, J.E. Selenoprotein gene
expression during selenium-repletion of selenium-deficient rats. Biol. Trace Elem. Res. 1996, 51, 211–223.
[CrossRef] [PubMed]

51. Sunde, R.A. Molecular biomarker panels for assessment of selenium status in rats. Exp. Biol. Med. 2010, 235,
1046–1052. [CrossRef] [PubMed]

52. Barnes, K.M.; Evenson, J.K.; Raines, A.M.; Sunde, R.A. Transcript analysis of the selenoproteome indicates
that dietary selenium requirements of rats based on selenium-regulated selenoprotein mRNA levels are
uniformly less than those based on glutathione peroxidase activity. J. Nutr. 2009, 139, 199–206. [CrossRef]
[PubMed]

53. Goldson, A.J.; Fairweather-Tait, S.J.; Armah, C.N.; Bao, Y.; Broadley, M.R.; Dainty, J.R.; Furniss, C.; Hart, D.J.;
Teucher, B.; Hurst, R. Effects of selenium supplementation on selenoprotein gene expression and response to
influenza vaccine challenge: A randomised controlled trial. PLoS ONE 2011, 6, e14771. [CrossRef] [PubMed]

54. Sunde, R.A.; Thompson, K.M.; Evenson, J.K.; Thompson, B.M. Blood glutathione peroxidase-1 mRNA
levels can be used as molecular biomarkers to determine dietary selenium requirements in rats. Exp. Biol.
Med. Maywood 2009, 234, 1271–1279. [CrossRef] [PubMed]

55. Cao, C.; Zhao, X.; Fan, R.; Zhao, J.; Luan, Y.; Zhang, Z.; Xu, S. Dietary selenium increases the antioxidant
levels and ATPase activity in the arteries and veins of poultry. Biol. Trace Elem. Res. 2016, 172, 222–227.
[CrossRef] [PubMed]

56. Qin, S.; Huang, K.; Gao, J.; Huang, D.; Cai, T.; Pan, C. Comparison of glutathione peroxidase 1 and
iodothyronine deiodinase 1 mRNA expression in murine liver after feeding selenite or selenized yeast.
J. Trace Elem. Med. Biol. 2009, 23, 29–35. [CrossRef] [PubMed]

57. Zeng, H.; Yan, L.; Cheng, W.H.; Uthus, E.O. Dietary selenomethionine increases exon-specific DNA
methylation of the p53 gene in rat liver and colon mucosa. J. Nutr. 2011, 141, 1464–1468. [CrossRef]
[PubMed]

58. Hu, Y.; McIntosh, G.H.; Le Leu, R.K.; Young, G.P. Selenium-enriched milk proteins and selenium yeast affect
selenoprotein activity and expression differently in mouse colon. Br. J. Nutr. 2010, 104, 17–23. [CrossRef]
[PubMed]

59. Schweizer, U.; Chiu, J.; Köhrle, J. Peroxides and peroxide-degrading enzymes in the thyroid. Antioxid. Redox
Signal. 2008, 10, 1577–1592. [CrossRef] [PubMed]

60. Sun, Y.; Ha, P.C.; Butler, J.A.; Ou, B.R.; Yeh, J.Y.; Whanger, P. Effect of dietary selenium on selenoprotein W
and glutathione peroxidase in 28 tissues of the rat. J. Nutr. Biochem. 1998, 9, 23–27. [CrossRef]

61. Wilcox, C.S. Effects of tempol and redox-cycling nitroxides in models of oxidative stress. Pharmacol. Ther.
2010, 126, 119–1145. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1152/ajpheart.00598.2001
http://www.ncbi.nlm.nih.gov/pubmed/11893559
http://dx.doi.org/10.1007/BF02784076
http://www.ncbi.nlm.nih.gov/pubmed/8727669
http://dx.doi.org/10.1258/ebm.2010.010111
http://www.ncbi.nlm.nih.gov/pubmed/20724535
http://dx.doi.org/10.3945/jn.108.098624
http://www.ncbi.nlm.nih.gov/pubmed/19106321
http://dx.doi.org/10.1371/journal.pone.0014771
http://www.ncbi.nlm.nih.gov/pubmed/21445287
http://dx.doi.org/10.3181/0906-RM-182
http://www.ncbi.nlm.nih.gov/pubmed/19855070
http://dx.doi.org/10.1007/s12011-015-0584-0
http://www.ncbi.nlm.nih.gov/pubmed/26637493
http://dx.doi.org/10.1016/j.jtemb.2008.11.001
http://www.ncbi.nlm.nih.gov/pubmed/19203714
http://dx.doi.org/10.3945/jn.111.140715
http://www.ncbi.nlm.nih.gov/pubmed/21653573
http://dx.doi.org/10.1017/S0007114510000309
http://www.ncbi.nlm.nih.gov/pubmed/20346189
http://dx.doi.org/10.1089/ars.2008.2054
http://www.ncbi.nlm.nih.gov/pubmed/18498223
http://dx.doi.org/10.1016/S0955-2863(97)00162-9
http://dx.doi.org/10.1016/j.pharmthera.2010.01.003
http://www.ncbi.nlm.nih.gov/pubmed/20153367
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Experimental Animals 
	Surgery, Blood Collection, and Aortic Ring Acquisition 
	Measurement of Isometric Tension of Rat Aortic Rings and Assessment of Aortic Ring Reactivity to Acetylcholine and Reduced pO2 
	Measurement of Se Content in Whole Blood and in Thoracic Aorta Tissue 
	Measurement of Oxidative Stress and Antioxidant Capacity 
	Measurement of Glutathione Peroxidase 1 Serum Concentration 
	mRNA Expression of Antioxidative Enzymes in Rat Aortas 
	Reagents 
	Statistical Analysis 

	Results 
	Body Weight of Experimental Animals 
	Acetylcholine Induced Relaxation of Isolated Rat Aortic Rings 
	Hypoxia Induced Relaxation of Isolated Rat Aortic Rings 
	Se Content in Whole Blood and in Thoracic Aorta Tissue 
	Plasma Oxidative Stress (TBARS) and Antioxidant Capacity (FRAP) 
	Glutathione Peroxidase 1 Serum Concentration 
	mRNA Expression of Antioxidative Enzymes in Rat Aorta 

	Discussion 
	Se Dietary Content and Supplementation 
	Influence of Se Dietary Content on Vascular Function 
	Influence of Se Dietary Content on Oxidative Stress 

	Conclusions 

