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Abstract

:

The vitamin-D-sensitivity of the cardiovascular system may show gender differences. The prevalence of vitamin D (VD) deficiency (VDD) is high, and it alters cardiovascular function and increases the risk of stroke. Our aim was to investigate the vascular reactivity and histological changes of isolated carotid artery of female and male rats in response to different VD supplies. A total of 48 male and female Wistar rats were divided into four groups: female VD supplemented, female VDD, male VD supplemented, male VDD. The vascular function of isolated carotid artery segments was examined by wire myography. Both vitamin D deficiency and male gender resulted in increased phenylephrine-induced contraction. Acetylcholine-induced relaxation decreased in male rats independently from VD status. Inhibition of prostanoid signaling by indomethacin reduced contraction in females, but increased relaxation ability in male rats. Functional changes were accompanied by VDD and gender-specific histological alterations. Elastic fiber density was significantly decreased by VDD in female rats, but not in males. Smooth muscle actin and endothelial nitric oxide synthase levels were significantly lowered, but the thromboxane receptor was elevated in VDD males. Decreased nitrative stress was detected in both male groups independently from VD supply. The observed interactions between vitamin D deficiency and sex may play a role in the gender difference of cardiovascular risk.
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1. Introduction


Currently, the role of vitamin D in cardio- and cerebrovascular health is not clear, although disturbances of vitamin D homeostasis—mainly lower vitamin D levels (vitamin D insufficiency and deficiency)—play a role in atherogenesis–atherosclerosis, hypertension development and different arteriopathies (peripheral arterial diseases, aneurismal arterial diseases) [1]. The prevalence of vitamin D deficiency (25-hydroxy-vitamin D / 25(OH)D < 20 ng/mL or < 50 nmol/L [2]) is high [3] and is expected to grow worldwide; thus, adequate sun-exposure and/or medical vitamin D supplementation are increasingly important. However, a general population-based study, which investigated the intake of fat- and water-soluble vitamins, found that vitamin D intake is the least adequate in both sexes in all age groups [4].



Vitamin D deficiency is a potential risk factor for several cardio-cerebrovascular diseases and events, including stroke [5]. Impaired vitamin D signaling in functionally inactive vitamin D receptor mutant male mice caused compromised cerebrovascular adaptation to unilateral carotid artery occlusion [6]. Four-week-long vitamin D deficient and vitamin D toxic (25(OH)D > 200 ng/mL or > 500 nmol/L [2]) diets resulted in significantly decreased carotid artery diameter and significantly enhanced wall thickness in male rats [7]. Patients with ischemic stroke had significantly lower 25(OH)D levels than control ones and, according to multiple logistic regression, vitamin D considered as a significant predictor in stroke patients and vitamin D deficiency is associated with ischemic stroke [8]. The National Health and Nutrition Examination Survey data evaluation also showed that vitamin D deficiency may be associated with increased stroke risk while higher 25(OH)D levels are associated with reduced stroke risk and these associations were pronounced in the age group of 20–50-year-old women. Moreover, people who have previously had stroke had significantly lower 25(OH)D levels than controls [9]. Among elderly people, a significant linkage was shown between serum 25(OH)D levels and carotid artery distensibility and intima-media thickness (IMT), with these results referring to the possible effects of vitamin D on the functional and structural properties of carotid artery [10]. Suboptimal vitamin D levels (25(OH)D < 30 ng/mL or < 75 nmol/L [2] ) and vitamin D deficiency are associated with carotid plaque thickness and with the presence and volume of carotid intraplaque hemorrhage, a parameter which may be a better predictor of unstable plaque and a better estimate of recurrent stroke risk [11].



Stroke is one of the main life-threatening cardio-cerebrovascular and neurological illnesses and its risk also differs between males and females. A retrospective cross-sectional study among stroke patients found that the incidence of stroke and prevalence of stroke risk factors (hypertension, heart diseases, diabetes and hyperlipidaemia) are higher in males than in females [12].



The cerebrovascular consequences of vitamin D deficiency may also be influenced by gender. In healthy men, but not in women, higher total vitamin D intake was associated with decreased cardiovascular disease (CVD) risk [13]. According to the MONICA study, middle-aged women with low (<51.45 nmol/L) 25(OH)D levels had increased risk for stroke and higher total CVD and all-cause mortality during a 17-year-follow-up [14]. Type 2 diabetic patients with carotid atherosclerotic plaque had significantly lower 25(OH)D levels than the control group and 25(OH)D concentrations were inversely correlated with carotid intima-media thickness (CIMT) in men, but not in women [15].



Previous results from our research group also suggest that gender-specific alterations of vascular function and structure can be observed in the renal and cerebral arteries of vitamin D deficient rats [16,17]. In the anterior cerebral artery, vitamin D deficiency resulted in increased wall thickness and testosterone-induced contraction only in male rats [16]. In renal arteries vitamin D deficiency led to impaired acetylcholine (Ach)-induced relaxation in both genders, whereas increased phenylephrine contraction was only found in male animals. Vascular function measurements in the presence of cyclooxygenase (COX) inhibitor and the immunohistochemical labeling of endothelial nitric oxide synthase (eNOS) in these vessels suggest that eNOS and prostanoid pathways may play a role in the gender-specific vascular dysfunction in vitamin D deficiency [17].



Carotid arterial function plays an important role in the regulation of cerebral blood flow and systemic blood pressure by influencing the sensitivity of the high pressure baroreceptor reflex. Monitoring the in vivo condition and characteristics of carotid artery, such as CIMT and carotid plaque area (PA) measurements, are important tools for cardio- and cerebrovascular risk assessment [18].



In the present study, our aim was to examine the possible gender-specific effect of vitamin D deficiency on carotid arteries of rats. The potential role of elastic and contractile elements, eNOS and COX enzymes and a nitrative stress marker were also investigated.




2. Results


2.1. Vascular Function of Carotid Arteries


2.1.1. Phenylephrine-Induced Contraction of Carotid Arteries


Gender-specific difference was observed in the phenylephrine-induced contraction at 10−6 mol/L phenylephrine concentration and male gender was associated with more pronounced contraction independently from vitamin D status. Generally, vitamin D deficiency resulted in increased level of phenylephrine-induced contraction (Figure 1A). At 10−7 mol/L phenylephrine concentration, male vitamin D deficient vessels showed increased reaction, compared to their female counterparts. Furthermore, vitamin D deficient female arteries were more reactive than female vitamin D supplemented ones. At 10−6 mol/L phenylephrine concentration, vessels of vitamin D deficient male rats showed stronger contraction than those of the vitamin D supplemented male animals (Figure 1B).



In order to explore the role of endothelial nitric oxide synthase (eNOS) and cyclooxygenases in the observed reactivity differences, phenylephrine-induced contraction was repeated in the presence of N(G)-Nitro-L-arginine methyl ester/L-NAME and indomethacin and their combination. L-NAME increased the degree of contraction in all experimental groups. However, indomethacin failed to alter the observed reactivity in the presence of L-NAME in most groups, except the vitamin D deficient males, where indomethacin further increased the contraction compared to L-NAME alone. Indomethacin itself decreased the level of contraction only in the female vitamin D supplemented group, suggesting the significant involvement of constrictor prostanoids in these animals (Figure 1C–F). The lack of indomethacin effect in the vitamin D supplemented male group and in the vitamin D deficient female group may indicate gender and vitamin D dependent regulation of prostanoid effects in vascular contractility.




2.1.2. Acetylcholine-Induced Relaxation of Carotid Arteries


Gender difference was also observed in the acetylcholine-induced relaxation of carotid artery segments at 10−6 M acetylcholine concentration (Figure 2A). Vitamin D deficiency failed to alter this function of the vessels in both genders. At this acetylcholine concentration, vitamin D supplemented female vessels had more pronounced relaxation compared to both male groups, while vitamin D deficient females only differed from vitamin D deficient male counterparts (Figure 2B). Nitric oxide inhibition with L-NAME successfully blocked the acetylcholine-induced vasodilation in all experimental groups, while co-incubation with indomethacin had no additional effect. In both male groups, indomethacin itself significantly increased the endothelium-induced relaxation (Figure 2C–F).





2.2. Histological Changes of the Carotid Arteries


The density of elastic fibers in the isolated carotid arteries was significantly decreased by vitamin D deficiency in female rats, but not in males. The marked, but not significantly lower, elastic fiber density of male carotid arteries may have played a role in this phenomenon. On the other hand, the staining intensity observed after the immunolabeling of SMA was decreased by vitamin D deficiency in male, but not in female, carotid arteries. Vitamin D deficiency induced an increase in the immune positivity of thromboxane A2 receptor only in male animals. The optical density of eNOS immunostaining was altered by neither gender nor vitamin D deficiency. Nitrative stress, represented by tyrosine nitration, was slightly lower in both male groups compared to vitamin D deficient female samples (Figure 3A–J).





3. Discussion


The main findings of the present study were the following: (i) the carotid artery, which has a primary role in cerebral blood flow and systemic blood pressure regulation, shows gender differences in its reaction to both vasoconstrictor and vasodilator agents; (ii) vitamin D deficiency causes vascular injury in both sexes; and (iii) gender differences can be observed in the pathomechanism of vascular injury caused by vitamin D deficiency.



Recent studies suggest that the vascular function of the carotid artery is influenced by gender. Significantly higher serotonin-induced vasoconstriction was found in male mice compared to females [19]. In addition, these sex-specific alterations are also influenced by the type of vessel under investigation. The release of the cyclooxygenase (COX)-derived constricting factors in mesenteric arterial rings is more pronounced in male spontaneous hypertensive rats (SHR), than their female counterparts [20]. In male rats the sensitivity to endothelin-1‘s vasoconstrictor effect on coronary resistance arteries is significantly higher than in females [21]. In males the myogenic tone and the reaction to thromboxane A2 agonist are also more pronounced on coronary resistance arteries [22]. On the contrary, no gender differences were found in renal arteries for Phe-induced contraction [17], and there were also no gender differences in endothelium-dependent vasoconstriction of the popliteal artery [23]. In our current study, we found significantly higher phenylephrine-induced vasoconstriction on carotid arterial rings of male animals independently from their vitamin D status.



Endothelium-dependent vasodilation is also influenced by gender, corresponding to the higher cardiovascular risk of men. The effect of sex hormones on the expression of enzymes involved in the synthesis of endothelium-derived relaxation factors, like eNOS, COX-1 and 2 and prostacyclin synthase, is believed to play a role in this phenomenon [24]. Acetylcholine-induced relaxation on carotid artery rings was found to be significantly higher in SHR female animals than in males, while, in parallel, indomethacin caused increased relaxation in males, while failing to induce change in young females [25]. In our present study, we found no gender difference in eNOS expression of carotid arteries. Our observation that, while in male rats general COX inhibition increased the acetylcholine-induced relaxation, it failed to influence this function in females, suggests that gender-specific alterations of vasoactive prostanoids’ production or action may have played a role in the reduced endothelium-dependent relaxation of the investigated vessels. On the other hand, in the present study, we found no gender difference in TP-specific staining intensity of carotid arteries in vitamin D supplemented rats.



Overall, the weakest vasodilation occurred in the vitamin D deficient male group that was accompanied by the reduced immunohistochemical labeling of eNOS. The production of oxygen-derived free radicals, especially superoxide, may reduce the bioavailability of nitric oxide through their spontaneous reaction forming the potent oxidant peroxynitrite [26]. A characteristic reaction of nitrogen-derived free radicals, especially peroxynitrite, is the nitration of protein tyrosine residues (NT). On the other hand, we could not show the role of this phenomenon in the reduced endothelium-dependent relaxation induced by male gender. NT positivity was significantly lower in vitamin D deficient male coronary arteries compared to their female counterparts. The known antioxidant effect of testosterone may have contributed to this observation [27].



The risk and the severity of stroke correlate to vitamin D deficiency [28,29]. The increased arterial stiffness that can be observed in vitamin D deficiency may contribute to the increased cardiovascular risk, which can be markedly reduced by vitamin D supplementation (>2000 IU/day) in both sexes [30]. Vitamin D supplementation can dose-dependently decrease arterial stiffness in overweight, vitamin D deficient male and female African Americans [31]. Vitamin D deficiency also contributes to the atherosclerotic transformation of the carotid artery [32]. In our recent study we found that vitamin D deficiency increased the degree of phenylephrine-induced contraction in both sexes. The weakest vasoconstriction was found in female vitamin D supplemented animals. In vitamin D deficient females, increased vasoconstriction was observed that demolished the observed gender difference among the vitamin D supplemented animals. The strongest vasoconstriction was seen in vitamin D deficient males. Similar observations were described in other vessel types. As the consequence of vitamin D deficiency, the myogenic tone of the mesenteric arteries doubles [33]. In coronary arteries of male animals, vitamin D deficiency decreased the vascular reactivity to thromboxane A2 and sexual steroids (estrogen and testosterone) [34]. On the other hand, in renal arteries, we saw increased Phe-induced contraction only in female, but not in male rats [17,26]. Vitamin D can inhibit TP receptor expression [35] and the increased TP immunolabeling intensity observed in vitamin D deficient males may reflect the lack of this suppressing effect, contributing to their increased Phe-induced contraction. Estrogen was also shown to attenuate TP expression [36] that may play a role in the preserved TP expression of vitamin D deficient female carotid arteries. These observations suggest that the consequences of vitamin D deficiency are influenced by gender and the type of the investigated vessel.



Our recent data show that in the carotid arteries of female animals, the balance of the produced prostanoids shifts to vasoconstrictors, as general COX inhibition leads to decreased Phe-induced contraction, which is demolished by vitamin D deficiency. Male vessels also had vasoconstrictor dominance, as indomethacin caused increased Ach-induced relaxation; however, it was not altered by vitamin D deficiency. Interestingly, when indomethacin was applied together with L-NAME, it augmented the level of Phe-induced contraction in vitamin D deficient males. The already described cross-talk between eNOS and COX systems, which was not observable in vitamin D supplemented rats, may have been augmented in this experimental group. In rats fed with standard diet, no interaction was found between these two signaling pathways in the regulation of cerebrocortical microcirculation [37].



As for vasorelaxation, similarly to vasoconstriction, gender differences were observed that might have been affected by the type of the examined vessel. Flow-mediated dilation (FMD) of the brachial artery is not gender-related, while the FMD of the popliteal artery is significantly higher in physically active adult women [38]. Nitroglycerine-mediated dilation is also lower in men’s brachial artery [39]. In our current study, we found gender differences in acetylcholine-induced relaxation on carotid arterial rings: male animals showed less relaxation compared to females regardless of their vitamin D status.



Differences in vasoconstriction and vasodilation responses of coronary arteries in this study may be also explained by the observation that both smooth muscle elements and elastic fibers are altered by gender and vitamin D deficiency. The amount of elastic fibers of resistance coronary arteries is significantly lower in male rats than in females [40]. Previous studies examining the effect of vitamin D deficiency on elastic elements showed that abdominal aortic aneurysms have significantly lower levels of elastin in the intima-media composites of male aneurysm walls than of females [41]. Moreover, serious vitamin D deficiency impairs the elastic quality of aorta [42], while in the cerebral arteries this kind of change cannot be observed, not even in vitamin D deficiency [43]. So, the effect of vitamin D deficiency on elastic fibers can also depend on the type of the investigated vessel. In the present study, we found decreased elastic fiber density in vitamin D deficient male and female carotid arteries, whereas alpha smooth muscle actin immunolabeling was the weakest in the vitamin D deficient male rats. Vitamin D has been previously shown to increase SMA expression in the aortae of rats on a high fat diet [44], which may have played a role in the changes observed in SMA density.



Limitations and strengths: According to our current knowledge, this is the first study which investigated the ex vivo vascular function, histological characteristics and gender differences of female and male rat carotid artery in response to a vitamin D deficient state. The small sample size hindered out investigation of other possibly affected vascular reactivity pathways. The lack of a naive animal group with only a normal diet was another limitation of our study. Further thorough, basic translational and clinical research is needed to clarify the connection between vitamin D deficiency, functional and histological cerebrovascular pathology and its gender difference.




4. Materials and Methods


4.1. Chemicals


Ex vivo vascular functional measurements on isolated rat carotid arteries were performed in Krebs–Ringer solution (in mmol/L: NaCl 119, KCl 4.7, NaH2PO4 1.2, MgSO4 1.17, NaHCO3 24, CaCl2 2.5, glucose 5.5 and EDTA 0.034). The solution was freshly prepared, stored at 37 °C, and bubbled (gas mixture composed of O2 20%, CO2 5% and N2 75%) to maintain stable pH. Chemicals were purchased from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA–Budapest, Hungary).




4.2. Animals


The study was performed in accordance with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (8th edition, 2011) and the EU-conforming Hungarian Law on Animal Care (XXVIII/1998). The institutional Animal Care Commission has confirmed the research protocol (IRB: 8/2014 PEI/001/1548-3/2014, PEI/001/820-2/2015).



A total of 48 adolescent (21–28 day old) male and female Wistar rats, weighing 100–140 g, were delivered to the Animal Facility of Semmelweis University in agreement with Charles River (Charles River Ltd., AnimaLab, Vác, Hungary). Rats of both genders were randomly assigned to two further groups, and as a result, four experimental groups were obtained: a female vitamin D supplemented group (FD+), a female vitamin D deficient group (FD−), a male vitamin D supplemented group (MD+) and a male vitamin D deficient group (MD−); n = 11–13 in each group.




4.3. Chronic Treatment of the Rats


In order to induce vitamin D deficiency via reduced intake, rats in the corresponding groups were fed ad libitum with vitamin D Free Lab rat/mouse chow (Ssniff Spezialdiaten GmbH, Soest, Germany) containing less than 5 IU/kg vitamin D for eight weeks resulting in vitamin D deficiency (below 10 ng/mL) [43,45]. Rats in vitamin D supplemented groups were fed ad libitum with a normal chow containing 1000 IU/kg of vitamin D. Furthermore, oral administration of additional vitamin D through a gavage cannula was applied to ensure the targeted plasma vitamin D levels [43,45]: 500 IU cholecalciferol on the second week and a weekly maintenance dose of 140 IU/100g on the fourth, fifth, sixth and seventh weeks (Vigantol (cholecalciferol) 20,000 IU/mL, Merck/Merck Serono, Darmstadt, Germany). The treatment protocol resulted in four experimental groups; vitamin D supplemented female and male (FD+, MD+) and vitamin D deficient female and male (FD−, MD−) groups. The animals had access to tap water ad libitum. Rats were housed at constant room temperature (22 ± 1 °C) with a 12 h/12 h light–dark cycle. All experimental groups had normal blood pressure [45,46]. Serum 25(OH)D levels of the animals were the following: FD+: 32.328 ± 4.49 ng/mL; FD−: 6.044 ± 0.63 ng/mL; MD+: 19.66 ± 0.81 ng/mL; MD− rats: 3.59 ± 0.21 ng/mL [43,45]. Final body weight, weight gain and serum testosterone levels were not significantly influenced by vitamin D status in either gender [43,45,46].



After 8 weeks, rats were anesthetized with Nembutal (45 mg/kg intraperitoneal (i.p.)), perfused with heparinized nKR solution for 2 min. Carotid arterial segments were cut into five equal rings (2 mm long), four of which were placed on a conventional wire myograph setup, while the fifth vascular ring was fixed in formaldehyde and embedded in paraffin.




4.4. Myography


A conventional wire myograph system was adopted to measure the isometric tension of isolated carotid arterial rings (610-M MultiMyograph System, Danish Myo Technology, Aarhus, Denmark, with Lab-Chart Evaluation System, AD Instruments, Oxford, UK–Ballagi Ltd., Budapest, Hungary). The organ chambers were filled with nKR solution, kept at 37 °C and bubbled (gas mixture composed of O2 20%, CO2 5% and N2 75%) to maintain stable pH. Following the development of stable pre-tension (15 mN), the contractility of the vessels was obtained when applying 124 mmol/L K+, which served as the reference value of the contraction forces. Vascular rings were equilibrated in nKR, and accumulative doses of phenylephrine (10−9–10−6 mol/L) were administrated to induce contraction. Acetylcholine-induced vasodilation was examined by incubating the vessels with increasing doses of Ach (10−9–10−6 mol/L), subsequent to Phe precontraction (10−6 mol/L). Measurement of Phe-induced contraction and Ach-induced vasodilation was repeated in the presence of the nitric oxide synthase inhibitor N(G)-Nitro-L-arginine methyl ester (L-NAME) (10−4 mol/L) and the general COX inhibitor indomethacin (10−5 mol/L) or their vehicle DMSO.




4.5. Immunohistochemistry


Carotid arterial tissue sections were stained with resorcin-fuchsin (RF). Immunohistochemistry was performed to label alpha smooth muscle actin (SMA), thromboxane A2 receptor (TP), endothelial nitric oxide synthase (eNOS) and 3-nitrotyrosin (NT). Antigen retrieval was performed by heating the slides in citrate buffer (pH = 6) following deparaffinization. Then, 3% H2O2 in dH2O was applied to block endogenous peroxidase activity. Non-specific labeling was prevented via utilization of 2.5% normal horse serum (Vector Laboratories, Burlingame, CA, USA). Primary antibodies (SMA: 1:10,000; eNOS: 1:50 (Abcam, ab46545 and ab76198, Cambridge, UK)), TP 1:50 (MyBioSource, MBS2032166, San Diego, CA, USA) and NT 1:500 (Merck Millipore–Sigma-Aldrich, 06-284, Budapest, Hungary) were applied overnight at 4 °C. For SMA and eNOS horseradish-peroxidase-linked anti-mouse was used for secondary labeling, while for TP and NT anti-rabbit polyclonal horse antibody (Vector Laboratories, MP-7402 or MP-7401, Burlingame, CA, USA) was used for secondary labeling. Visualization of specific labeling was accomplished by brown-colored diamino-benzidine (DAB) (Vector Laboratories, SK-4100, Burlingame, CA, USA), while blue-colored hematoxylin served for counterstaining (Vector Laboratories, H-3404-100, Burlingame, CA, USA). Brightfield microscopy images were acquired using a Nikon ECLIPSE NI-U microscope and Nikon DS-Ri2 camera (Nikon Corporation, Minato City, Tokyo, Japan) with 40x objective. Non-calibrated optical density of the media layer of resorcin-fuchsin-stained vessels was obtained for the purpose of assessing the density of non-contractile elements using ImageJ software (National Institutes of Health (NIH), Bethesda, MA, USA). The measurements of the non-calibrated optical density of specific staining in the intimal or medial layers of the vessel wall were also completed with ImageJ software in the case of immunohistochemical labeling.




4.6. Statistical Analysis


Repeated measures two-way ANOVA was completed using Bonferroni’s post hoc test with GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA) for the analysis of vascular function curves. At a certain agonist concentration, vascular reactivity was analyzed by two-way ANOVA (gender, vitamin D status). The Kruskal–Wallis test with Dunn’s multiple comparison test was applied to accomplish the comparison of histological and immunohistochemical evaluations of the experimental groups. p < 0.05 was uniformly accepted as the threshold for statistical significance. Data are presented as the mean ± SEM or median [IQR].



Significance symbols (Table 1):





5. Conclusions


Differences in cerebral blood flow, as well as gender and vitamin D dependent differences of stroke risk, can be partially explained by the local changes of circulatory control. In the present study, vitamin D deficiency resulted in vascular impairments in both genders, although gender differences in the pathomechanism could be observed. Both vitamin D deficiency and male gender resulted in increased contraction of carotid artery. Decreased relaxation reactivity of the carotid arteries was observed in male gender independently from their vitamin D status. Inhibition of prostanoid signaling reduced contraction in females, but increased relaxation ability in male rats. These functional changes were accompanied by vitamin D and gender-specific structural and protein expression alterations, which were also characteristic of the examined vessel type, the carotid artery.







Author Contributions


Conceptualization, M.S. (Mária Szekeres), G.L.N., L.H., E.M.H. and S.V.; Data curation, M.S. (Miklós Sipos), D.G., B.B., R.K., P.M., M.S. (Mária Szekeres), G.L.N. and E.M.H.; Formal analysis, R.E.S. and E.M.H.; Funding acquisition, S.V.; Investigation, M.S. (Miklós Sipos), D.G., H.D., B.B., R.E.S., R.K., P.M., M.S. (Mária Szekeres), G.L.N. and L.H.; Methodology, R.E.S., G.L.N., L.H., E.M.H. and S.V.; Project administration, S.V.; Resources, N.Á., G.L.N., E.M.H. and S.V.; Software, D.G., B.B. and R.E.S.; Supervision, N.Á., E.M.H. and S.V.; Validation, S.V.; Visualization, M.S. (Miklós Sipos), D.G., B.B. and R.E.S.; Writing—original draft, M.S. (Miklós Sipos), B.B., R.E.S., R.K., M.T., E.M.H. and S.V.; Writing—review & editing, R.E.S., M.T., N.Á., M.S. (Mária Szekeres), G.L.N., L.H., E.M.H. and S.V. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Semmelweis Science and Innovation Fund (STIA-KF-17 for S.V.), Hungarian National Research, Development and Innovation Fund (NKFI K116954 for M.Sz.), the Hungarian Hypertension Society (2015/1 for S.V., G.L.N.), the Dean of the Medical Faculty, Semmelweis University (2016/8 for S.V., G.L.N.) and Semmelweis University Department of Physiology (NVKP_16-1-2016-0039).




Institutional Review Board Statement


The study was performed in accordance with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (8th edition, 2011) and the EU-conforming Hungarian Law on Animal Care (XXVIII/1998). The institutional Animal Care Commission has confirmed the research protocol (IRB: 8/2014 PEI/001/1548-3/2014, PEI/001/820-2/2015).




Acknowledgments


We thank Ildikó Oravecz, Anikó Schulcz, Ilona Oláh and Haoran Ke for the expert technical assistance.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Izzo, M.; Carrizzo, A.; Izzo, C.; Cappello, E.; Cecere, D.; Ciccarelli, M.; Iannece, P.; Damato, A.; Vecchione, C.; Pompeo, F. Vitamin D: Not Just Bone Metabolism but a Key Player in Cardiovascular Diseases. Life 2021, 11, 452. [Google Scholar] [CrossRef]

	



Płudowski, P.; Karczmarewicz, E.; Bayer, M.; Carter, G.; Chlebna-Sokół, D.; Czech-Kowalska, J.; Dębski, R.; Decsi, T.; Dobrzanska, A.; Franek, E.; et al. Practical guidelines for the supplementation of vitamin D and the treatment of deficits in Central Europe—Recommended vitamin D intakes in the general population and groups at risk of vitamin D deficiency. Endokrynol. Pol. 2013, 64, 319–327. [Google Scholar] [CrossRef]

	



Giustina, A.; Bouillon, R.; Binkley, N.; Sempos, C.; Adler, R.A.; Bollerslev, J.; Dawson-Hughes, B.; Ebeling, P.R.; Feldman, D.; Heijboer, A.; et al. Controversies in Vitamin D: A Statement from the Third International Conference. JBMR Plus 2020, 4, 10417. [Google Scholar] [CrossRef]

	



Patino-Alonso, M.C.; Sánchez, M.G.; Sánchez, L.G.; Alonso-Domínguez, R.; Sánchez-Aguadero, N.; Salgado, B.S.; Sánchez, E.R.; Ortiz, L.G.; Gómez-Marcos, A.M. Multivariate Analysis of Influence of Vitamin Intake on Vascular Function Parameters by Sex in the General Spanish Population: EVA Study. Nutrients 2020, 12, 643. [Google Scholar] [CrossRef]

	



Gouni-Berthold, I.; Berthold, H.K. Vitamin D and Vascular Disease. Curr. Vasc. Pharmacol. 2020, 19, 250–268. [Google Scholar] [CrossRef]

	



Pál, É.; Hricisák, L.; Lékai, Á.; Nagy, D.; Fülöp, Á.; Erben, R.G.; Várbíró, S.; Sándor, P.; Benyó, Z. Ablation of Vitamin D Signaling Compromises Cerebrovascular Adaptation to Carotid Artery Occlusion in Mice. Cells 2020, 9, 1457. [Google Scholar] [CrossRef] [PubMed]

	



Mirhosseini, N.Z.; Knaus, S.J.; Bohaychuk, K.; Singh, J.; Vatanparast, H.A.; Weber, L.P. Both high and low plasma levels of 25-hydroxy vitamin D increase blood pressure in a normal rat model. Br. J. Nutr. 2016, 116, 1889–1900. [Google Scholar] [CrossRef]

	



Talebi, A.; Amirabadizadeh, A.R.; Nakhaee, S.; Ahmadi, Z.; Mirzaee, S.M.M. Cerebrovascular disease: How serum phosphorus, vitamin D, and uric acid levels contribute to the ischemic stroke. BMC Neurol. 2020, 20, 116. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Lai, H.; Yang, L.; Zhu, H.; Chen, S.; Lai, S. Age and Gender Differences in the Association between Serum 25-Hydroxyvitamin D and Stroke in the General US Population: The National Health and Nutrition Examination Survey, 2001–2006. J. Stroke Cerebrovasc. Dis. 2017, 26, 2510–2518. [Google Scholar] [CrossRef] [PubMed]

	



Oudshoorn, C.; Mezzadri, M.; Colin, E.M.; Van Dijk, S.C.; Ruitenbeek, A.G.; Meiracker, A.H.V.D.; Van Der Cammen, T.J.M.; Mattace-Raso, F.U.S. Serum vitamin D levels are associated with structural and functional properties of the carotid artery in older men and women. Eur. Geriatr. Med. 2020, 11, 409–415. [Google Scholar] [CrossRef]

	



McNally, J.S.; Burton, T.M.; Aldred, B.W.; Kim, S.-E.; McLaughlin, M.S.; Eisenmenger, L.B.; Stoddard, G.J.; Majersik, J.J.; Miller, D.V.; Treiman, G.S.; et al. Vitamin D and Vulnerable Carotid Plaque. Am. J. Neuroradiol. 2016, 37, 2092–2099. [Google Scholar] [CrossRef]

	



Norsaadah, B. Prevalence of risk factors and its gender difference among stroke patients. Med. J. Malays. 2005, 60, 670–671. [Google Scholar]

	



Manson, J.; Hu, F.; Giovanucci, E.; Rimm, E.; Shi, L.; Sun, Q.; Rexrode, K. Vitamin D intake and risk of cardiovascular disease in US men and women. SciVee 2011, 94, 534–542. [Google Scholar]

	



Agelii, M.L.; Lehtinen-Jacks, S.; Zetterberg, H.; Sundh, V.; Björkelund, C.; Lissner, L. Low vitamin D status in relation to cardiovascular disease and mortality in Swedish women – Effect of extended follow-up. Nutr. Metab. Cardiovasc. Dis. 2017, 27, 1143–1151. [Google Scholar] [CrossRef] [PubMed]

	



Chen, R.-H.; Jiang, X.-Z.; Jiang, Q.; Gu, Z.; Gu, P.-L.; Zhou, B.; Zhu, Z.-H.; Xu, L.-Y.; Zou, Y.-F. Correlations between serum levels of 25-hydroxyvitamin D and carotid atherosclerosis in patients with type 2 diabetes in Shanghai. Ann. D’endocrinologie 2014, 75, 206–212. [Google Scholar] [CrossRef] [PubMed]

	



Pál, É.; Hadjadj, L.; Fontányi, Z.; Monori-Kiss, A.; Lippai, N.; Horváth, E.M.; Magyar, A.; Monos, E.; Nádasy, G.L.; Benyó, Z.; et al. Gender, hyperandrogenism and vitamin D deficiency related functional and morphological alterations of rat cerebral arteries. PLoS ONE 2019, 14, e0216951. [Google Scholar] [CrossRef]

	



Sipos, M.; Péterffy, B.; Sziva, R.; Magyar, P.; Hadjadj, L.; Bányai, B.; Süli, A.; Soltész-Katona, E.; Gerszi, D.; Kiss, J.; et al. Vitamin D Deficiency Cause Gender Specific Alterations of Renal Arterial Function in a Rodent Model. Nutrients 2021, 13, 704. [Google Scholar] [CrossRef]

	



Biswas, M.; Saba, L.; Omerzu, T.; Johri, A.M.; Khanna, N.N.; Viskovic, K.; Mavrogeni, S.; Laird, J.R.; Pareek, G.; Miner, M.; et al. A review on joint carotid intima-media thickness and plaque area measurement in ultrasound for cardiovascular/stroke risk monitoring: Artificial Intelligence framework. J. Digit. Imaging 2021, 1–24. [Google Scholar] [CrossRef]

	



Lamping, K.G.; Faraci, F.M. Role of Sex Differences and Effects of Endothelial NO Synthase Deficiency in Responses of Carotid Arteries to Serotonin. Arter. Thromb. Vasc. Biol. 2001, 21, 523–528. [Google Scholar] [CrossRef]

	



Kähönen, M.; Tolvanen, J.-P.; Sallinen, K.; Wu, X.; Pörsti, I. Influence of gender on control of arterial tone in experimental hypertension. Am. J. Physiol. Content 1998, 275, H15–H22. [Google Scholar] [CrossRef] [PubMed]

	



Kingma, J.G., Jr.; Laher, I. Effect of endothelin on sex-dependent regulation of tone in coronary resistance vessels. Biochem. Biophys. Res. Commun. 2021, 540, 56–60. [Google Scholar] [CrossRef]

	



Mátrai, M.; Hetthéssy, J.; Nádasy, G.L.; Monos, E.; Székács, B.; Varbiro, S. Sex Differences in the Biomechanics and Contractility of Intramural Coronary Arteries in Angiotensin II–Induced Hypertension. Gend. Med. 2012, 9, 548–556. [Google Scholar] [CrossRef]

	



O’Brien, M.W.; Johns, J.A.; Petterson, J.L.; Mekary, S.; Kimmerly, D.S. The impact of age and sex on popliteal artery endothelial-dependent vasodilator and vasoconstrictor function. Exp. Gerontol. 2021, 145, 111221. [Google Scholar] [CrossRef]

	



Sader, M.A.; Celermajer, D.S. Endothelial function, vascular reactivity and gender differences in the cardiovascular system. Cardiovasc. Res. 2002, 53, 597–604. [Google Scholar] [CrossRef]

	



Graham, D.A.; Rush, J.W. Cyclooxygenase and thromboxane/prostaglandin receptor contribute to aortic endothelium-dependent dysfunction in aging female spontaneously hypertensive rats. J. Appl. Physiol. 2009, 107, 1059–1067. [Google Scholar] [CrossRef] [PubMed]

	



Lajtai, K.; Tarszabó, R.; Bányai, B.; Péterffy, B.; Gerszi, D.; Ruisanchez, É.; Sziva, R.E.; Korsós-Novák, Á.; Benkő, R.; Hadjadj, L.; et al. Effect of Vitamin D Status on Vascular Function of the Aorta in a Rat Model of PCOS. Oxidative Med. Cell. Longev. 2021, 2021, 1–6. [Google Scholar] [CrossRef]

	



Tostes, R.C.; Carneiro, F.S.; Carvalho, M.H.C.; Reckelhoff, J.F. Reactive oxygen species: Players in the cardiovascular effects of testosterone. Am. J. Physiol. Integr. Comp. Physiol. 2016, 310, R1–R14. [Google Scholar] [CrossRef]

	



Berghout, B.; Fani, L.; Ikram, M.K. Response by Berghout et al to Letters Regarding Article, “Vitamin D Status and Risk of Stroke: The Rotterdam Study”. Stroke 2019, 50, e432. [Google Scholar] [CrossRef]

	



Rad, R.E.; Zarbakhsh, M.; Sarabi, S. The Relationship of Vitamin D Deficiency with Severity and Outcome of Acute Stroke. Rom. J. Intern. Med. 2021. [Google Scholar] [CrossRef]

	



Chen, N.-C.; Hsu, C.-Y.; Mao, P.C.-M.; Dreyer, G.; Wu, F.-Z.; Chen, C.-L. The effects of correction of vitamin D deficiency on arterial stiffness: A systematic review and updated meta-analysis of randomized controlled trials. J. Steroid Biochem. Mol. Biol. 2020, 198, 105561. [Google Scholar] [CrossRef] [PubMed]

	



Raed, A.; Bhagatwala, J.; Zhu, H.; Pollock, N.K.; Parikh, S.J.; Huang, Y.; Havens, R.; Kotak, I.; Guo, D.-H.; Dong, Y. Dose responses of vitamin D3 supplementation on arterial stiffness in overweight African Americans with vitamin D deficiency: A placebo controlled randomized trial. PLoS ONE 2017, 12, e0188424. [Google Scholar]

	



Chen, F.-H.; Liu, T.; Xu, L.; Zhang, L.; Zhou, X.-B. Association of Serum Vitamin D Level and Carotid Atherosclerosis: A Systematic Review and Meta-analysis. J. Ultrasound Med. 2018, 37, 1293–1303. [Google Scholar] [CrossRef] [PubMed]

	



Tare, M.; Emmett, S.J.; Coleman, H.A.; Skordilis, C.; Eyles, D.; Morley, R.; Parkington, H.C. Vitamin D insufficiency is associated with impaired vascular endothelial and smooth muscle function and hypertension in young rats. J. Physiol. 2011, 589 Pt 19, 4777–4786. [Google Scholar] [CrossRef]

	



Fontányi, Z.; Sziva, R.; Pál, É.; Hadjadj, L.; Monori-Kiss, A.; Horváth, E.; Benkő, R.; Magyar, A.; Heinzlmann, A.; Benyó, Z.; et al. Vitamin D Deficiency Reduces Vascular Reactivity of Coronary Arterioles in Male Rats. Curr. Issues Mol. Biol. 2021, 43, 79–92. [Google Scholar] [CrossRef]

	



Dong, J.; Wong, S.L.; Lau, C.W.; Liu, J.; Wang, Y.; He, Z.D.; Ng, C.F.; Chen, Z.Y.; Yao, X.; Xu, A.; et al. Calcitriol restores renovascular function in estrogen-deficient rats through downregulation of cyclooxygenase-2 and the thromboxane-prostanoid receptor. Kidney Int. 2013, 84, 54–63. [Google Scholar] [CrossRef] [PubMed]

	



Mishra, R.G.; Stanczyk, F.Z.; Burry, K.A.; Oparil, S.; Katzenellenbogen, B.S.; Nealen, M.L.; Katzenellenbogen, J.A.; Hermsmeyer, R.K. Metabolite ligands of estrogen receptor-beta reduce primate coronary hyperreactivity. Am. J. Physiol. Heart Circ. Physiol. 2006, 290, H295–H303. [Google Scholar] [CrossRef] [PubMed]

	



Lacza, Z.; Hortobágyi, L.; Horváth, B.; Horvath, E.M.; Sándor, P.; Benyó, Z. Additive effect of cyclooxygenase and nitric oxide synthase blockade on the cerebrocortical microcirculation. Neuroreport 2009, 20, 1027–1031. [Google Scholar] [CrossRef] [PubMed]

	



Johns, J.A.; O’Brien, M.W.; Bungay, A.; Kimmerly, D.S. Sex and light physical activity impact popliteal, but not brachial artery flow-mediated dilation in physically active young adults. Appl. Physiol. Nutr. Metab. 2020, 45, 1387–1395. [Google Scholar] [CrossRef]

	



Dengel, D.R.; Jacobs, D.R.; Steinberger, J.; Moran, A.M.; Sinaiko, A.R. Gender differences in vascular function and insulin sensitivity in young adults. Clin. Sci. 2010, 120, 153–160. [Google Scholar] [CrossRef]

	



Torok, M.; Monori-Kiss, A.; Pal, E.; Horvath, E.; Josvai, A.; Merkely, P.; Barta, B.A.; Matyas, C.; Olah, A.; Radovits, T.; et al. Long-term exercise results in morphological and biomechanical changes in coronary resistance arterioles in male and female rats. Biol. Sex. Differ. 2020, 11, 7. [Google Scholar] [CrossRef]

	



Tong, J.; Schriefl, A.; Cohnert, T.; Holzapfel, G. Gender Differences in Biomechanical Properties, Thrombus Age, Mass Fraction and Clinical Factors of Abdominal Aortic Aneurysms. Eur. J. Vasc. Endovasc. Surg. 2013, 45, 364–372. [Google Scholar] [CrossRef]

	



Karabag, T.; Hacioglu, Y.; Piskinpasa, M.E.; Sametoglu, F.; Yuksel, Y. Impaired cardiac functions and aortic elastic properties in patients with severe Vitamin D deficiency. J. Cardiovasc. Echogr. 2018, 28, 171–176. [Google Scholar] [CrossRef]

	



Pál, É.; Hadjadj, L.; Fontányi, Z.; Monori-Kiss, A.; Mezei, Z.; Lippai, N.; Magyar, A.; Heinzlmann, A.; Karvaly, G.; Monos, E.; et al. Vitamin D deficiency causes inward hypertrophic remodeling and alters vascular reactivity of rat cerebral arterioles. PLoS ONE 2018, 13, e0192480. [Google Scholar]

	



Wagih, H.M.; Hashem, H.E.; Hassan, Z.A.; Algaidi, S.A. Modulation of S100 and smooth muscle actin-α immunoreactivity in the wall of aorta after vitamin D administration in rats with high fat diet. Cell. Mol. Biol. 2018, 64, 21–28. [Google Scholar] [CrossRef] [PubMed]

	



Hadjadj, L.; Várbíró, S.; Horváth, E.M.; Monori-Kiss, A.; Pál, É.; Karvaly, G.B.; Heinzlmann, A.; Magyar, A.; Szabo, I.; Sziva, R.E.; et al. Insulin resistance in an animal model of polycystic ovary disease is aggravated by vitamin D deficiency: Vascular consequences. Diabetes Vasc. Dis. Res. 2018, 15, 294–301. [Google Scholar] [CrossRef] [PubMed]

	



Sziva, R.; Fontányi, Z.; Pál, É.; Hadjadj, L.; Monori-Kiss, A.; Horváth, E.; Benkő, R.; Magyar, A.; Heinzlmann, A.; Benyó, Z.; et al. Vitamin D Deficiency Induces Elevated Oxidative and Biomechanical Damage in Coronary Arterioles in Male Rats. Antioxidants 2020, 9, 997. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 22 08029 g001 550] 





Figure 1. Contraction ability of isolated carotid artery segments: (A) phenylephrine (Phe)-induced contraction in the four experimental groups at 10−6 mol/L Phe concentration. Male gender and vitamin D deficiency were associated with more pronounced relative contraction. Data are shown as individual data points; horizontal lines represent mean ± SD. Two-way ANOVA; factors: gender, vitamin D status. **: p < 0.01, ***: p < 0.001. (B) Phe-induced contraction. Male rats showed significantly increased contraction compared to females at Phe concentration of 10−7 mol/L independently from vitamin D status. Vitamin D deficient female vessels had stronger contraction compared to their vitamin D supplemented counterparts. At Phe concentration of 10−6 mol/L, MD− arteries contracted more than FD− ones. Vitamin D deficient male rats showed increased contraction compared to their vitamin D supplemented counterparts. Data are shown as mean ± SEM; n = 9–11 in each group; repeated measures ANOVA, Bonferroni’s post hoc test; aa: p < 0.01 FD+ vs. FD−, bb: p < 0.01 FD+ vs. MD+, ccc: p < 0.001 FD+ vs. MD−, e: p < 0.05 FD− vs. MD−, eee: p < 0.001 FD− vs. MD−, f: p < 0.05 MD+ vs. MD−. Phe-induced contractions in the presence of L-NAME and/or indomethacin (INDO) or their vehicle DMSO (C) in female vitamin D supplemented rats (FD+) (D) in female vitamin D deficient rats (FD−), (E) in male vitamin D supplemented rats (MD+) and (F) in male vitamin D deficient rats (MD−). L-NAME increased the level of contraction in all experimental groups. Co-incubation with INDO further augmented the contraction only in MD− rats. INDO itself decreased the degree of vascular reaction only in the FD+ group. Data are shown as mean ± SEM; n = 5–11 in each group; repeated measures ANOVA, Bonferroni’s post hoc test; kkk: p < 0.001 DMSO vs. INDO, l: p < 0.05 DMSO vs. L-NAME, ll: p < 0.01 DMSO vs. L-NAME, lll: p < 0.001 DMSO vs. L-NAME, mm: p < 0.01 DMSO vs. INDO+L-NAME, mmm: p < 0.001 DMSO vs. INDO+L-NAME, nn: p < 0.01 INDO vs. L-NAME, nnn: p < 0.001 INDO vs. L-NAME, ooo: p < 0.001 INDO vs. INDO+L-NAME, p: p < 0.05 L-NAME vs. INDO+L-NAME. 
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Figure 2. Relaxation ability of isolated carotid artery segments: (A) acetylcholine (Ach)-induced relaxation in the four experimental groups at 10−6 mol/L Ach concentration. Male gender was associated with less pronounced relative relaxation. Data are shown as individual data points; horizontal lines represent mean ± SD. Two-way ANOVA; factors: gender, vitamin D status. ***: p < 0.001. (B) Ach-induced relaxation. Male rats showed significantly reduced relaxation compared to females at Ach concentration of 10−6 mol/L independently from vitamin D status. Data are shown as mean ± SEM; n = 9–11 in each group; repeated measures ANOVA, Bonferroni’s post hoc test; bb: p < 0.01 FD+ vs. MD+, ccc: p < 0.001 FD+ vs. MD−, eee: p < 0.001 FD− vs. MD−. Ach-induced relaxation in the presence of L-NAME and/or indomethacin (INDO) or their vehicle DMSO (C) in female vitamin D supplemented rats (FD+), (D) in female vitamin D deficient rats (FD−), (E) in male vitamin D supplemented rats (MD+) and (F) in male vitamin D deficient rats (MD−). L-NAME blocked the vasodilation in all experimental groups, co-incubation with INDO had no additional effect. INDO itself increased the degree of relaxation only in both male groups. Data are shown as mean ± SEM; n = 6–11 in each group; repeated measures ANOVA, Bonferroni’s post hoc test; k: p < 0.05 DMSO vs. INDO, l: p < 0.05 DMSO vs. L-NAME, m: p < 0.05 DMSO vs. INDO+L-NAME, n: p < 0.05 INDO vs. L-NAME, lll: p < 0.001 DMSO vs. L-NAME, mmm: p < 0.001 DMSO vs. INDO+L-NAME, nnn: p < 0.001 INDO vs. L-NAME, o: p < 0.05 INDO vs. INDO+L-NAME, ooo: p < 0.001 INDO vs. INDO+L-NAME. 
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Figure 3. Histological changes of the carotid arteries: (A) elastic fiber density of carotid artery segments. Tissue sections were stained by the purple-colored resorcin-fuchsin stain. Vitamin D deficient female and male arteries showed significantly lower optical density than vitamin D supplemented female vessels. (B) Representative images of resorcin-fuchsin-stained carotid artery sections. (C) Alpha smooth muscle actin (SMA) immunohistochemical labeling intensity in the media layer of carotid arteries. In vitamin D deficient male rats, the measured optical density was significantly lower compared to vitamin D supplemented male animals. (D) Representative images of carotid arteries stained against SMA. (E) Thromboxane A2 receptor (TP) density of carotid arteries. Vitamin D deficient male rats showed higher receptor density compared to vitamin-supplemented male and female animals. (F) Representative images of TP-stained vessels. (G) Optical density of eNOS labeling in the intimal layer of carotid arteries. Vitamin D deficiency induced a significant decrease in eNOS staining intensity in males. (H) Representative images of vessels labeled with anti-eNOS antibody. (I) 3-Nitrotyrosine (NT) staining intensity of carotid arteries. Both male groups showed lower positivity than vitamin D supplemented female rats. (J) Representative images of NT-stained carotid artery sections. Specific immunohistochemical labeling was visualized by the brown-colored diamino-benzidine (DAB), while blue-colored hematoxylin served as counterstaining. Scale bars show 50 µm. Data are presented as individual data points and lines represent the median [IQR]; Kruskal–Wallis test with Dunn’s post hoc test; aa: p < 0.01 FD+ vs. FD−, c: p < 0.05 FD+ vs. MD−, cc: p < 0.01 FD+ vs. MD−, dd: p < 0.01 FD− vs. MD+, e: p < 0.05 FD− vs. MD−, f: p < 0.05 MD+ vs. MD−, ff: p < 0.01 MD+ vs. MD−. 
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Table 1. The number of the symbols (x) indicates the strength of the significance: x: p < 0.05, xx: p < 0.01; xxx: p < 0.001. The meanings of the letter colors are as follows: gender difference is indicated by violet (b,e), while burgundy highlights a significant difference through different vitamin D statuses (a,f).
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