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Abstract: Phthalic selenoanhydride (R-Se) solved in physiological buffer releases various reactive
selenium species including H;Se. It is a potential compound for Se supplementation which exerts
several biological effects, but its effect on the cardiovascular system is still unknown. Therefore,
herein we aimed to study how R-Se affects rat hemodynamic parameters and vasoactive proper-
ties in isolated arteries. The right jugular vein of anesthetized Wistar male rats was cannulated
for IV administration of R-Se. The arterial pulse waveform (APW) was detected by cannulation
of the left carotid artery, enabling the evaluation of 35 parameters. R-Se (1-2 pmol kg~1), but not
phthalic anhydride or phthalic thioanhydride, transiently modulated most of the APW parame-
ters including a decrease in systolic and diastolic blood pressure, heart rate, dP/dtmax relative
level, or anacrotic/dicrotic notches, whereas systolic area, dP/dty, delay, dP/dty delay, anacrotic
notch relative level or its delay increased. R-Se (~10-100 pmol L1 significantly decreased the
tension of precontracted mesenteric, femoral, and renal arteries, whereas it showed a moderate
vasorelaxation effect on thoracic aorta isolated from normotensive Wistar rats. The results imply
that R-Se acts on vascular smooth muscle cells, which might underlie the effects of R-Se on the rat
hemodynamic parameters.

Keywords: phthalic selenoanhydride; hemodynamic parameters; vasorelaxation; rats

1. Introduction

Selenium (Se) plays a significant role in the regulation of human health. As an es-
sential trace element, the levels of Se in the organism are dependent on the diet [1,2]. For
instance, when there is a lack of Se in the diet, selenocompounds are mostly used as food
supplements [3-9]. Both selenocompounds and the Se atom present in the form of seleno-
cysteine at the active sites of selenoproteins participate in physiological processes and have
a protective role towards several diseases, including cancer, diabetes, neurodegenerative
and cardiovascular disorders, inflammation, or infections [2-18]. However, chronic over-
consumption of Se may lead to intoxication with compromised functions of the kidney,
immune, and reproductive system as well as to the development of cancer, cardiovascular,
and liver diseases [2,19].
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Therefore, new Se-compounds are studied as suitable Se-donors to have direct ben-
eficial effects on diseases [18,20-22]. In this context, data previously reported by the
group showed that phthalic selenoanhydride (R-Se, Scheme 1), the Se isostere of phthalic
anhydride (R-O), has a noteworthy chemopreventive, cytostatic, cytotoxic, free radical scav-
enging, apoptotic, antiviral, antimicrobial, antibiofilm, and multidrug-resistance (MDR)
reversing activity compared with the poor or null activity of its sulfur (phthalic thioan-
hydride, R-S) and oxygen isosteres (phthalic anhydride, R-O). R-Se has been recently
suggested to be a potential candidate for a safe anticancer drug [23]. These facts point to
the relevance of the Se atom of R-Se to the biological activities observed [24-29].

@) @) @)
@)
(@) @) (@)
R-O R-S R-Se

Scheme 1. Chemical structures of the three evaluated compounds: phthalic anhydride (R-O) and its
sulfur (phthalic thioanhydride, R-S) and selenium (phthalic selenoanhydride, R-Se) isosteres.

In addition, Se has a marked influence on the cardiovascular system, as, for example,
urinary Se concentration is negatively associated with systolic and diastolic blood pressure
(BP), implying that Se exerts a protective action against an increased BP [30]. This fact
also points out that Se deficiency might be a risk factor for high BP development [31]. The
activation of the antioxidant enzyme glutathione peroxidase (GPx) using Se as a cofactor
may partly account for the observed negative association between Se concentration and
BP [32]. ROS-related processes such as lipid peroxidation, atherosclerotic plaque formation,
and platelet aggregation can be reduced by an enhancement of GPx activity [30,33-35].
Alternatively, high Se concentrations, among older adults, may be significantly associated
with cardiometabolic risk factors [36-38]. Recent data have confirmed that serum Se
concentrations have a U-shaped relationship with systolic BP and pulse pressure and with
cardiovascular mortality in hypertensive patients, suggesting that sufficient Se levels may
contribute to BP control and hypertension prevention. Meanwhile, too low or too high a
concentration of serum Se might be associated with hypertension diseases [30,31,36,39—41].

An increased artery tension, which decreases blood flow, is the basis of many diseases
and death [42—44]. Therefore, compounds that reduce arterial tension are interesting for
experimental studies to find novel derivatives with a potential application in medical
practice. Reported data suggest that Se affects arterial functions; however, its effects are
not fully documented. As a source of Se, sodium selenite supplementation was found to
enhance acetylcholine-induced relaxation of isolated rat aortic rings, but a direct application
of selenite on the rings had no effect [45]. In the rat femoral artery vasospasm model,
intraperitoneal sodium selenite morphometrically prevents the development of peripheral
vasospasms [46]. Concentration of serum Se was reported to be positively associated with
arterial stiffness and BP in humans [47].

We have previously shown that selenite in the presence of H,S, was able to modify the
tension of the precontracted aortic rings isolated from normotensive rats [48]. Therefore,
we have assumed that the direct interaction of Se or Se-compounds with the cardiovascular
regulatory system should not be underestimated. The proposed mechanism suggested to
explain the activity of R-Se is the release from R-Se, which would act as a prodrug [24,26].
In our previous study, a complex pattern of various reactive Se species, including H;Se,
was observed after the fragmentation of R-Se in a 50% methanol/H,O solution [29]. We
hypothesized that R-Se could directly influence BP and tensions of isolated arteries.

The vasoactive effect of novel pharmacological agents is of great interest, especially
regarding arterial contribution to vascular resistance and the pressure control, which
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mainly include small blood vessels mesenteric, femoral, and renal arteries, with diam-
eters between 200 and 500 pm [49,50]. The main bioactive molecule revealing signifi-
cant vasorelaxant effect in blood vessels is the nitric oxide (NO) produced by the en-
dothelium. In animal models, where there is an optimal state of health, the role of
NO is intact, and pharmacologically-administered drugs reflects the acute real state of
relaxation-constriction responses.

In the present work, R-Se was used as the donor of reactive Se species including
H,Se to study their direct effect on the cardiovascular system. The effect of intravenous
(IV) bolus administration of R-Se on rat hemodynamic parameters and tension of isolated
rat mesenteric, femoral, and renal arteries was studied. Additionally, we bring new re-
sults elucidating the impact of novel R-Se on the endothelial and/or vascular smooth
muscle cells.

2. Results
2.1. R-Se, but Not R-S or R-O Modulates Arterial Pulse Waveform

Parameters of rat arterial pulse waveform (APW-Ps) were evaluated after IV bolus
administration of the tested anhydride-containing compounds R-O, R-S and R-Se. Admin-
istration of R-S or R-O at 1 or 2 umol kg ! (1 = 5) had negligible effects on all 35 APW-Ps
(Figure 1). However, administration of R-Se (1 or 2 umol kg_l, n = 2 + 7) transiently
(for approximately 1 min) altered most APW parameters followed by changes very likely
attributable to the body’s response to a decrease in the BP (Figure 1). The details of the time-
dependent changes in APWs (Figure 2 and Figures S2-59) revealed that changes in some
parameters showed simple transient behavior, for example, systolic or diastolic BP, heart
rate, dP/dtmayx, dP/dt4, augmentation index, or anacrotic and dicrotic notches, while other
parameters did not follow changes in the systolic BP, for example, pulse BP, systolic and
diastolic area, or anacrotic and dicrotic notches rel. levels or delays. Qualitative changes
were mostly reproducible, but quantitative data were scattered. Therefore, we summed
together the qualitative increase or decrease in the APW-Ps after R-Se administration of
1 and 2 pumol kg~! (Table 1). The same qualitative changes were observed in 15 of 35
APW-Ps in all nine rats, including a decrease in the systolic and diastolic BP, heart rate,
dP/dtmax relative level, or anacrotic and dicrotic notches, whereas systolic area, dP/dtmin
delay, dP/dt4 delay, anacrotic notch relative level, or delay increased. In eight of nine
rats, the same qualitative changes were observed in four APW-Ps including a decrease in
dP/dtq relative level or an increase in the diastolic area. In seven out of nine rats, the same
qualitative changes were observed in five APW-Ps including an increase in dP/dt4 or pulse
BP, and a decrease in dP/dtmay, or anacrotic notch relative delay. In the remaining 11 APW
parameters, qualitative changes were less pronounced and therefore they were difficult to
be distinguished. After R-Se (1 and 2 pmol kg~!) administration, the systolic BP decreased
by 28 + 14% (n = 9, +SD).
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Figure 1. Time-dependent changes in 35 rat arterial pulse waveform parameters (APW-Ps) of anaesthetized

rats in control (red) and after intravenous administration of 2 umol kg*1 phthalic anhydride (R-O,

green) and its phthalic thioanhydride (R-S, blue) and phthalic selenoanhydride (R-Se, black) isosteres.

Abbreviations, definitions, and units of measured APWs from arterial pulse waveform (APW) are as

explained previously [51,52] and briefly in Supplementary Material Figure S1.
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Figure 2. Time-dependent changes of 35 APW-Ps of anaesthetized rats before (red) and after intra-

venous bolus (15 s) administration of 2 pmol kg*1 R-Se (blue). Vertical dash lines indicate the start of

R-Se administration. Abbreviations, definitions, and units of measured APW-Ps from the APW are

explained in [51,52] and briefly in Figure S1.
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Table 1. The sum of changes in 35 arterial pulse waveform parameters (APW-Ps) in nine anaesthetized
rats after intravenous administration of 1 and 2 pmol kg ! phthalic selenoanhydride (R-Se). Arrow
indicates transient increase or decrease in particular APW-Ps after R-Se administration. The number
indicates how many times the increase or decrease was observed out of nine experiments. Symbol ”~*
indicates a not clearly resolved effect of R-Se. Data were evaluated visually from Figures 2 and 52-S9.

APW-Ps Variation APW-Ps Variation

(a) Systolic blood pressure =9 (aa) Systolic blood pressure 1=9
(b) Heart rate =9 (bb) Anacrotic notch =9
(c)  Systolic area =9 (cc) Anacrotic notch relative level T=9
(d) dP/dtmax =7 (dd) Anacrotic notch delay T=9
(e) dP/dtmax relative level =9 (ee) Anacrotic notch relative delay =7
() dP/dtyq =7 (ff)  [Dicrotic notch (DiN) in s] — [Anacrotic notch (AnN) in s] T=9
(g) dP/dtq relative level =8 (gg) [(DIN — AnN) in s]/[dP/dtpyi, in mmHg s~ 1] ~

(h) dP/dtq — dP/dtmax 1T=9 (hh) [(DiN — AnN) in s]/[dP/dtmax in mmHg ps™'] T=8
(i) dP/dty — dP/dtpmin 1T=9 (i) [AnN in ms] — [1Max in ms] r=7
()  Diastolic blood pressure =9 () Augmentation index relative ~

(k) Pulse BP T=7 (kk) Dicrotic notch =9
()  Diastolic area T=8 (II) Dicrotic notch relative level ~

(m) dP/dtmin =6 (mm) Dicrotic notch delay T=9
(n) dP/dty;n relative level ~ (nn) Dicrotic notch relative delay ~

(o) dP/dtpy, delay =9 (00) [DiN in mmHg] — [AnN in mmHg] =7
(p) dP/dtq delay 1+=9 (pp) [(DIN — AnN) in mmHg]/[dP/dtpi, in mmHg ms~1] 1=6
(@ dP/dty — dP/dtmax ~ (qqQ) [(DiN — AnN) in mmHg]/[dP/dtmax in mmHg ms~!] =6
(r)y dP/dtq — dP/dtmin ~ (rr) [AnN in mmHg] — [1Max in mmHg] 1=8

2.2. R-Se Decreased Tension of Isolated Mesenteric, Femoral and Renal Arteries

To know which part of arterial tree contributed to the observed BP decrease, the effects
exerted by R-Se on isolated mesenteric, femoral, and renal arteries, as well as on the thoracic
aorta were studied. Noradrenaline (NA, 10 umol L™1) increased tension of the mesenteric
artery and cumulative concentration of acetylcholine (1 nmol L~1-10 umol L~1) decrease
it, confirming the proper function of a contraction-relaxation mechanism (Figure 510). NA
was used to increase tension again and subsequent application of R-Se (6.25; 12.5; 25; and
100 pmol L) relaxed mesenteric artery. After washing out of R-Se, NA was applied
again to induce contraction (Figure 510). R-Se relaxed mesenteric artery in concentration
dependent manner (Figure 3A) and its effects prevailed after washed out of R-Se, so the
next contraction was significantly lower (Figure S11). The addition of DMSO alone did not
relax the artery (Figure 3A). Similar results were obtained when studying the effect of R-Se
on the femoral (Figure 3B) and renal arteries (Figure 3C). In these cases, first the tension of
arteries was induced by serotonin (1 umol L~1). Then, a control cumulative concentration
of acetylcholine relaxed them, before inducing the arterial tension by serotonin again. The
subsequent application of R-Se (12.5-100 umol L~ !) relaxed the arteries. R-Se significantly
relaxed all arteries >14 min after application. Effect of R-Se on femoral artery was less
pronounced than that on mesenteric and renal arteries (Figure 3D). The overall effect
of R-Se (25 umol L) on the relaxation of arteries (measured in the 10.5th minute post
administration of R-Se) was highly significant (p = 0.0019, one-way analysis of variance,
Figure 3D).
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—@- Mesenterica R-Se (12.5 pmol L'1)
—h— Mesenterica R-Se (25 pmol L'1)
=&~ Mesenterica R-Se (25 pmol L'1)
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©-  Mesenterica R-Se (100 pmol L'1)

A. mesenterica
% of relaxation

~—3¢— Femoralis DMSO

—@— Femoralis R-Se (12.5 umol L)

—A— Femoralis R-Se (25 umol L)

=&~ Femoralis R-Se (25 umol L")

—%7— Femoralis R-Se (50 umol L")
©— Femoralis R-Se (100 umol L")
©- Femoralis R-Se (100 pmol L™
© " Femoralis R-Se (100 umol L")

A. femoralis
% of relaxation

—@— Renalis R-Se (12.5 umol L")
=@~ Renalis R-Se (12.5 umol L")
—A— Renalis R-Se (25 pmol L)
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% of relaxation

Time (min)

o;'l’o\o1°°'D :
X c *
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38 —F /
2% .| NN ) 2

DMSO Mes. Fem. Ren.

Figure 3. Effect of R-Se on the vascular reactivity of the mesenteric artery ((A) A. mesenterica),
femoral artery ((B) A. femoralis), and renal artery ((C) A. renalis). The vasoactive effects of R-Se on the
A. mesenterica (A) were pre-contracted with NA (10 umol L), A femoralis (B) and A. renalis (C)
with Ser (1 umol L1). The relaxing effect of R-Se was observed for 14—15 min. Comparison of
the relaxation effect of R-Se (25 umol L~!) on mesenteric (Mes.), femoral (Fem.) and renal (Ren.)
artery measured at 10.5th min (D). * p < 0.05 vs. DMSO (one-way analysis of variance followed by
Tukey-Kramer test for multiple comparisons).

2.3. R-Se Had a Minor Effect on the Tension of the Isolated Thoracic Aorta

NA (0.1 and 1 umol L~1!) increased the tension of the isolated thoracic aorta. A
subsequent application of 25 or 50 pmol L~! of R-Se had no vasoactive effect on the pre-
contracted thoracic aorta. When higher concentrations were tested (100-300 pmol LD,
they triggered a mild vasorelaxation (11-38%) (Figure 4). DMSO < 0.6% v/v had no
effects on the aorta tonus.
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Figure 4. The original records of time-dependent changes in noradrenaline (NA, 0.1 pmol L~1—color
curves; 1 umol L~ 1—black curves; left arrow)—increased tension of isolated thoracic aorta and the
subsequent application of 25 (dotted), 50 (dash), 100 (solid black line), 200 (red, blue, green) and 300 umol
L1 R-Se (pink). The middle (for colors) and right arrows (for blacks) indicate R-Se application.

3. Discussion

According to the lines of evidence presented in previous works, R-Se has the capacity
to release different reactive Se species (RSeS). Among them, the release of hydrogen selenide
(H»Se) can be highlighted, as this RSeS is able to interact with specific cellular compounds
and proteins, having different ex vivo or in vivo effects [24-28,53]. According to our
knowledge, this is the first study of the direct effect of an intravenously-administrated
Se-compound that is capable of releasing reactive Se species (RSeS), including H,Se, on
APW-Ps in an animal model. Due to rats under deep anaesthesia used in our study, some
control APW-Ps as systolic BP or heart rate were lower than in unanaesthetized rats [54,55].
The qualitative effects of R-Se on APW-Ps were mostly reproducible, but the quantitative
data were scattered (Figures 1 and 2). It might be assumed that this could be caused by
different rat anaesthetic conditions and/or unequal concentrations of the products formed
due to slightly different times between the dilution of R-Se from DMSO solution with saline
and its administration. Time-dependent changes of UV-Vis spectra of Na,Se in phosphate
buffer were observed indicating a reaction of NaySe with the components of the buffer [29].

Qualitative effects of R-Se on APW-Ps were reproducible and they were probably
directly related to the Se atom, as no relevant effects were displayed by its sulfur (ph-
thalic thioanhydride, R-S), or oxygen (phthalic anhydride, R-O) isosteres (Figure 1). Tran-
sient effects of R-Se are similar to those found for HyS-donor Na,S, and NO-donor S-
nitrosoglutathione [52,56]. It is assumed that the transient effect of R-Se could be a conse-
quence of the instability in the blood of the active product(s) released from R-Se and/or
their effective elimination by the kidney. These possibilities are supported by ex vivo
experiments, in which non-transient relaxation effects of R-Se on isolated arteries were
found (Figure 3). Some of the time-dependent biphasic changes in APW-Ps (e.g., increase
in systolic BP, Figure 1a) after the transient effect of R-Se are not yet understood; however,
they could be associated with a sympathetic reflex response reported for well-known
vasoactive substances such as endothelin, urotensin, and apelin [57-59]. Qualitative sim-
ilar transient biphasic changes in systolic BP were observed after IV administration of
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Hj)S-donor NajyS [56]. Similar effects, but much less pronounced, were observed after the
administration of sodium selenite (NaSO3) [48]. Under the same experimental condi-
tions, the capacity of R-Se (1 and 2 umol kg~') to decrease the systolic BP (by 28 + 14%,
means + SD) was significantly higher than that reported for sodium selenite at a higher
micromolar concentration (5 pmol kg~1): only a 1.3% BP systolic decrease was determined
for the inorganic salt [48].

It was hypothesized that it might be possible to characterize the cardiovascular system
status in diverse pathophysiological conditions along with the effects of pharmacological
drugs through the analysis of the detailed shape of APW [60-68]. Thirty-five APW-Ps
were defined to look for patterns of changes in APW under different cardiovascular condi-
tions [51,52]. R-Se influenced most of the 35 APW-Ps. However, we cannot know with the
available data whether the observed changes in these parameters, indicative of cardiovas-
cular effects, can be attributed to the Se, to the R-Se compound, or to the reactive Se species
that could be released from R-Se.

We focused on experimental methods ex vivo on the conduit aorta and small vessels,
to know to what extent they participated in the observed decrease in BP after R-Se adminis-
tration. The results indicate that all used vascular segments relaxed in presence of R-Se in
the concentration-dependent manner. The most sensitive vascular segments among the
ones used were the small resistant mesenteric arteries. Since the mesenteric arteries are part
of the splanchnic circulation, which receives about a quarter of the total cardiac output [69],
marked vasodilation in these arteries (even at low R-Se concentrations of 6.25 umol L~1)
could correlate with a decrease in systemic BP. Consistent with the resistance of mesenteric
artery vasodilation, our data demonstrate that acute R-Se treatment indeed lowers systemic
BP. When the vascular type changes from small resistant to large conduit, the strength of the
relaxation effect of R-Se decreases. After R-Se application, the subsequent precontraction of
the vascular segment was partially or significantly inhibited (Figures S10 and S11), and it
may indicate prolonged interaction with constriction/relaxation pathways.

Based on previously reported scientific works, it was assumed that the vasoprotective
effects of various Se-donors were a consequence of their potential participation in the
reduction of the production of superoxide radicals and an in the increase in NO basal
levels [70,71]. The treatment with H,Se enables a potential reversion of the HyO»-induced
oxidative stress through the regulation of the glutathione peroxidase (GPx1) and thiore-
doxin reductase (TrxR2) selenoproteins. The pretreatment with H,Se provides a protective
effect against HyO,-induced oxidative stress, cell death, and cardiac hypertrophy [72].

In the cardiovascular system, NO is produced primarily in endothelial cells and
subsequently affects smooth muscle cells evoking relaxation. Se supplements were
shown to improve the bioavailability of NO in various models of induced endothelial
dysfunction [45,73]. For this reason, we may assume that exogenous R-Se can positively
influence the function of endothelial cells as described in other works. However, R-Se
compound at higher concentration evoked only mild vasorelaxant effect in thoracic
aorta. Since the relaxation in thoracic aorta is mainly NO-mediated [74], these results
are aligned with the suggestion that R-Se could relax the vessel wall by a mechanism
excluding NO derived from the endothelium. There are other endothelium-derived
relaxing factors (EDRFs), such as prostacyclin or endothelium-derived hyperpolariz-
ing factors (EDHFs), which could participate in the R-Se related relaxation. EDHFs
have been described as one of the principal mediators of endothelium-dependent
vasorelaxation in small resistance arteries in normotensive animals [75]. Endothelium-
independnet mechanizms, such as blockade of Ca2* channels cannot be excluded [76].
Other additional experiments are needed to figure out which of the listed vasorelaxant
mechanizms are included.

Our findings that R-Se transiently decreased rat systolic and diastolic BP and modu-
lated several other hemodynamic parameters and that it significantly decreased the tension
of the isolated arteries point to the direct effect of R-Se to relax arteries leading to BP reduc-
tion. Cardiovascular diseases, as the leading cause of death worldwide, include disorders
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related to BP and function of the heart or blood vessels [77]. Since an increased tension
of the arteries, which causes a decrease in blood flow, is the basis of many diseases and
death [42-44,77], R-Se potency to relax arteries is interesting for pharmacological studies
potentially leading to application in medical practice.

4. Materials and Methods
4.1. Chemistry

Herein, three chalcogen phthalic anhydrides have been evaluated: the phthalic
selenoanhydride (R-Se), the phthalic thioanhydride (R-S), and the phthalic anhydride
(R-O), whose structure has been shown in the Scheme 1 at the introduction [24]. R-O
was commercially available (Merck, Taufkirchen, Germany), whereas R-Se was obtained
through a synthetic route that enables the synthesis of R-Se from lithium aluminum hy-
dride, selenium phthloyl chloride, and sulfuric acid, as described in prior works [24].
R-S was synthesized following the same route, but using sulfur instead of selenium.
Tiletamine + zolazepam (Zoletil 100) was acquired from Virbac (Carros, France), and
the anaesthetic xylazine was obtained from Merck (Schnelldorf, Germany). All other chem-
icals required for the performance of this study (DMSO, NaCl, KCl, NaHCO3, MgSQy,
KH,POy, CaCly, NapEDTA, glucose) were purchased from Sigma-Aldrich.

4.2. Guide for the Use and Care of Experimental Animals

Adult male normotensive Wistar rats (n = 14; 320 &= 30 g) were obtained from the De-
partment of Toxicology and Laboratory Animal Breeding at Dobra Voda, Slovak Academy
of Sciences, Slovakia. The rats were housed under a 12 h-light-12 h-dark cycle at a constant
humidity and temperature (45-65% and 20-22 °C, respectively) with free access to standard
laboratory rat chow and drinking water ad libitum. The veterinary nursing care was pro-
vided by the Central Animal Housing Facility of Pavilion of Medical Sciences (registration
number SK UCH 01017). The procedures counted with the approval of the corresponding
Slovakian committee (the State Veterinary and Food Administration of the Slovak Republic;
C.k. Ro 3123/17-221) taking into account the European Parliament guidelines given at
the 2010/63/EU Directive. The procurement of animals, the husbandry, and the perfor-
mance of the experiments were in accordance with the protocols and guidelines of the
”European Convention for the Protection of Vertebrate Animals used for Experimental and
other Scientific Purposes” (Council of Europe No 123, Strasbourg 1985). All the performed
experiments were carried out according to the guidelines established by the animal welfare
committee of the Biomedical Research Center Slovak Academy of Sciences, and Centre
of Experimental Medicine of the Slovak Academy of Sciences, Bratislava, and conformed
to the principles and regulations as described in the editorial by Grundy [78]. All animal
experiments complied with the ARRIVE guidelines.

4.3. APW Measurement and Data Evaluation

The method used was described in our previous studies [51,52]. To ensure the ef-
fect of anaesthesia lasts for 60 min, rats (n = 9) were anaesthetized with
Zoletil 100 (tiletamine + zolazepam, 80 mg kg~!, IP) and xylazine (5 mg kg~ !, IP).
The left common carotid artery (arteria carotis communis) was cannulated to insert the
fiber optic microcatheter pressure transducer FISO LS 2F connected to the FISO Series
signal conditioner embedded in the EVO chassis (Harvard Apparatus, Holliston, MA,
USA) [79]. The recorded analogue APW signal was filtered by a low-pass filter at 1
kHz, digitalized at 10 kHz and stored on a computer. Fresh stock solutions of R-S,
R-O and R-Se (50 mmol L~!) were prepared daily using DMSO as solvent. Just before
the administration, the stock solutions were diluted with 0.9% saline to reach a final
concentration of 1 or 2 umol kg_1 in the rats. R-S, R-O, or R-Se were administered into
the right jugular vein (500 pL kg~!) over a 15 s period, approximately 3040 min after
the anaesthetic application. The following time scale was used: After the chirurgical
operation of the rat under anesthesia, we waited 15-20 min for stabilization of BP,
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then bolus of R-Se (or R-S or R-O) was administered, and effect of the compound
was recorded for 10 min. When BP was still stable as in the control, in some cases
for comparison, a second administration of the same or different compounds was
administered, and the effect was recorded for 10 min. For the evaluation of the R-Se
effects, the first administration was taken only. Ten points (a—j) of APW, marked in
Figure S1, were analyzed, from which 35 APW parameters (APW-Ps) were calculated.
Some APW-Ps are commonly used as hemodynamic parameters and others were de-
fined to detect more changes in APW that could be attributed to the influence of a
studied substance. The definition and abbreviation of the 35 APW-P parameters are
described in the supplementary material (Figure S1), and a more detailed descrip-
tion is available in a previous study [51]. For a better visual comparison, plots (a)
and (aa) representing systolic BP in the figures are the same. The plot of the relative
augmentation index (jj) was not able to determine when the highest point at APW
(Figure S1) was “c” and not “f” and was set to zero [51]. The animals were under
anesthesia throughout the duration of the experiment at 37 °C and were euthanized
with an overdose of Zoletil/xylazine administered via the jugular vein at the end
of the surgical procedure. Thirty-five APW-Ps were defined to look for patterns of
changes in APW under different cardiovascular conditions [51,52], and some of them
are commonly used as hemodynamic parameters.

4.4. Measurement of the Vasoactive Effect of R-Se
4.4.1. Vascular Tissue Collection

Normotensive Wistar rats (n = 5) were killed by decapitation after a brief anesthetiza-
tion with CO,, and the thoracic aorta (TA), mesenteric, femoral, and renal arteries were
isolated as described in our previous studies [80-82]. Briefly, aortic, mesenteric, femoral,
and renal vascular tissue were carefully cleaned from surrounding connective and adipose
tissue and cut to the required lengths according to the type of device used to measure
vascular reactivity.

4.4.2. Functional Study of Rat-Isolated Mesenteric, Femoral and Renal Arteries

Approximately 1.6 mm cut-off long vascular segments of the small mesenteric (first-
order branches of the inferior mesenteric artery), femoral, and renal arteries were mounted
as ring-shaped preparations in the Mulvany-Halpern style small vessel wire myograph
chamber (Dual Wire Myograph System 410A, DMT A /S, Aarhus, Denmark) to determine
the vascular reactivity at isometric conditions in the modified physiological salt solution
(PSS, in mmol L~!: NaCl 118.99, KCl1 4.69, NaHCOj3 25, MgSOy 1.17, KH,POy 1.18, CaCl,
2.5, NapEDTA 0.03, glucose 5.5, pH 7.4) [83]. After mounting, the arteries were maintained
in oxygenated PSS (a mixture of 95% O,, and 5% CO; at a stabilized temperature of 37 °C).

The experiment protocol was modified according to [82], briefly (Scheme 2): normal-
ization and stabilization of the vascular segment took place as described previously. After
the stabilization period, vessel segments were contracted with serotonin (Ser, 1 umol L1,
femoral, and renal arteries) or NA (10 umol L~!, mesenteric artery) and relaxed with
acetylcholine (1 nmol L~1—-10 umol L™1). The solution was washed out. After the next
stabilization period, the segments were again pre-contracted with a constrictor substance,
and the effects of R-Se (stock solution, 50 mmol L~! in DMSO) were studied. Subsequently,
the functionality of the arteries was tested by changes in the pre-contraction of the vascular
segment. Effect of R-Se on segments of arteries was statistically evaluated using analysis
of variance and non-linear regression methods [84]. A p-value < 0.05 was considered
statistically significant. Statistical analyses were performed using GraphPad Prism 9.0
(GraphPad Software Inc., San Diego, CA, USA).
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Scheme 2. After the stabilization period (B) the vascular segments were contracted with

NA (10 umol L™, mesenteric artery) or Ser (1 umol L~!, femoral and renal arteries) and relaxed with
gradual addition of acetylcholine (AC, green line, 1 nmol L™1-10 pmol L) to test the contractility
of the segment. The solution was washed out (W). After the next stabilization period, the segments
were again pre-contracted with NA (or Ser) and the effects of R-Se (stock solution, 50 mmol L tin
DMSO) were added. R-Se was washed out (W) and NA (or Ser) were applied to contract the vascular
segment again.

4.4.3. Functional Study of the Isolated Thoracic Aorta

Vascular segments of the thoracic aorta (approximately 5 mm long) were vertically
fixed between two stainless wire triangles and placed into a 20 mL organ bath with
Krebs solution (in mmol L~!: 118 NaCL, 5 KCL, 25 NaHCO3, 1.2 MgSO;, 1.2 KH,POy,
2.5 CaClp, 11 glucose, 0.032 CaNayEDTA). The solution was oxygenated with 95% O, and
5% COy and kept at 37 °C. The upper triangles were connected to isometric tension sensors
(FSG-01, MDE, Budapest, Hungary), and changes in tension were registered by an AD
converter (MDE, Budapest, Hungary). Changes in isometric tension were registered by
SPEL Advanced Kymograph (MDE, Budapest, Hungary) software. A resting tensionof 1 g
was applied to each ring and maintained throughout a 45 to 60-min equilibration period
until stress relaxation no longer occurred. The vasoactive effect of R-Se was tested on aortic
rings pre-contracted by noradrenaline (NA, 0.1 or 1 umol L™1).

5. Conclusions

In conclusion, we found that the phthalic selenoanhydride (R-Se) transiently decreased
rat systolic and diastolic blood pressure. In addition, this selenocompound modulated
several other hemodynamic parameters and it significantly decreased the tension of the
isolated arteries. Overall, our data point to the direct effect of R-Se to relax arteries leading
to blood pressure reduction. Since cardiovascular diseases are the leading cause of death
worldwide and include disorders related to blood pressure and function of the heart or
blood vessels, these cardiovascular properties of R-Se may be interesting for application
studies potentially leading to future use in medical practice.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules28124826/s1, Figure S1. The left common carotid
artery pulse waveform (APW) in the anesthetized rat. Control APW with marked ten points a—j.
Figures 52-59. Time-dependent changes of 35 APW-Ps of anaesthetized rat before and after IV bolus
administration of R-Se. Figure S10. Original recording of the vascular reactivity of the mesenteric
artery and effects of noradrenaline, acetylcholine and R-Se. Figure S11. Effects of noradrenaline,
serotonin and R-Se on tension of the mesenteric, renal and femoral arteries.

Author Contributions: Conceptualization, K.O. and P.B.; formal analysis, PB.,, AM., M.G., LW.,, ZR,,
E.D.-A.and K.O; investigation, P.B., A.B., AM., K.O. and S.C.; writing—original draft preparation,
K.O. and P.B,; writing—review and editing, P.B.,, AM., M.G,, S.C,, LW, ZR,, E.D.-A.and K.O. All
authors have read and agreed to the published version of the manuscript.


https://www.mdpi.com/article/10.3390/molecules28124826/s1
https://www.mdpi.com/article/10.3390/molecules28124826/s1

Molecules 2023, 28, 4826 15 of 18

Funding: This research was funded by the Slovak Research & Development Agency (grant number
APVV-19-0154 to K.O. and SK-BY-RD-19-0019 to LW.); the VEGA Grant Agency of the Slovak Republic
(grant numbers 2/0091/21 to A.M. and 2/0153/21 to P.B.).

Institutional Review Board Statement: The veterinary nursing care was provided by the Central
Animal Housing Facility of Pavilion of Medical Sciences (registration number SK UCH 01017). The
procedures were approved by the State Veterinary and Food Administration of the Slovak Republic
(C.k. Ro 3123/17-221) according to the guidelines from Directive 2010/63/EU of the European
Parliament. The procurement of animals, the husbandry and the experiments conformed to the
”European Convention for the Protection of Vertebrate Animals used for Experimental and other
Scientific Purposes” (Council of Europe No 123, Strasbourg 1985). All the performed experiments
were carried out according to the guidelines established by the animal welfare committee of the
Biomedical Research Center Slovak Academy of Sciences, and Centre of Experimental Medicine of the
Slovak Academy of Sciences, Bratislava, and conformed to the principles and regulations as described
in the Editorial by Grundy [78]. All animal experiments complied with the ARRIVE guidelines.

Informed Consent Statement: Not applicable.

Data Availability Statement: Most of the data are presented in the main text and in the supplement
to the article. All original records are available from Peter Balis.

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

Sample Availability: Not applicable.

References

1. Li, S.; Xiao, T.; Zheng, B. Medical geology of arsenic, selenium and thallium in China. Sci. Total Environ. 2012, 421-422, 31-40.
[CrossRef] [PubMed]

2. Wrobel, J.K.; Power, R.; Toborek, M. Biological activity of selenium: Revisited. IUBMB Life 2016, 68, 97-105. [CrossRef] [PubMed]

3. Stranges, S.; Marshall, J.R.; Natarajan, R.; Donahue, R.P; Trevisan, M.; Combs, G.E,; Cappuccio, EP; Ceriello, A.; Reid, M.E. Effects
of long-term selenium supplementation on the incidence of type 2 diabetes: A randomized trial. Ann. Intern. Med. 2007, 147,
217-223. [CrossRef] [PubMed]

4.  Hatfield, D.L.; Yoo, M.H.; Carlson, B.A.; Gladyshev, V.N. Selenoproteins that function in cancer prevention and promotion.
Biochim. Biophys. Acta 2009, 1790, 1541-1545. [CrossRef] [PubMed]

5. Avery, ].C,; Hoffmann, P.R. Selenium, Selenoproteins, and Immunity. Nutrients 2018, 10, 1203. [CrossRef]

6. Shang, N.; Wang, X.; Shu, Q.; Wang, H.; Zhao, L. The Functions of Selenium and Selenoproteins Relating to the Liver Diseases.
J. Nanosci. Nanotechnol. 2019, 19, 1875-1888. [CrossRef]

7.  Peters, KM.,; Carlson, B.A.; Gladyshev, V.N.; Tsuji, P.A. Selenoproteins in colon cancer. Free Radic. Biol. Med. 2018, 127, 14-25.
[CrossRef]

8.  Gandin, V,; Khalkar, P.; Braude, J.; Fernandes, A.P. Organic selenium compounds as potential chemotherapeutic agents for
improved cancer treatment. Free Radic. Biol. Med. 2018, 127, 80-97. [CrossRef]

9.  Zakeri, N.; Kelishadi, M.R.; Asbaghi, O.; Naeini, F.; Afsharfar, M.; Mirzadeh, E.; kasra Naserizadeh, S. Selenium supplementation
and oxidative stress: A review. PharmaNutrition 2021, 17, 100263. [CrossRef]

10. Ibrahim, S.A.Z.; Kerkadi, A.; Agouni, A. Selenium and Health: An Update on the Situation in the Middle East and North Africa.
Nutrients 2019, 11, 1457. [CrossRef]

11.  Barchielli, G.; Capperucci, A.; Tanini, D. The Role of Selenium in Pathologies: An Updated Review. Antioxidants 2022, 11, 251.
[CrossRef] [PubMed]

12.  Misra, S.; Boylan, M.; Selvam, A.; Spallholz, ].E.; Bjornstedt, M. Redox-active selenium compounds—From toxicity and cell death
to cancer treatment. Nutrients 2015, 7, 3536-3556. [CrossRef] [PubMed]

13.  Cui,S.Y,; Jin, H,; Kim, S.J.; Kumar, A.P; Lee, Y.I. Interaction of glutathione and sodium selenite in vitro investigated by electrospray
ionization tandem mass spectrometry. J. Biochem. 2008, 143, 685-693. [CrossRef] [PubMed]

14. Gennari, F,; Sharma, V.K; Pettine, M.; Campanella, L.; Millero, EJ. Reduction of selenite by cysteine in ionic media. Geochim.
Cosmochim. Acta 2014, 124, 98-108. [CrossRef]

15. Tenekeci, G.; Bilen, B.T.; Turkoz, Y.; Sahin, N.; Bulam, N.; Erdemli, M.E. The Effect of Selenium on Ischemia-Reperfusion Injury:
An Experimental Study on a Transverse Rectus Abdominis Musculocutaneous Flap Model. ]. Craniofac. Surg. 2016, 27, 242-246.
[CrossRef]

16. Radomska, D.; Czarnomysy, R.; Radomski, D.; Bielawska, A.; Bielawski, K. Selenium as a Bioactive Micronutrient in the Human
Diet and Its Cancer Chemopreventive Activity. Nutrients 2021, 13, 1649. [CrossRef]

17. Dominguez—Alvarez, E.; Récz, B.; Mar¢, M.A.; Nasim, M.].; Szemerédi, N.; Viktorova, J.; Jacob, C.; Spengler, G. Selenium and

tellurium in the development of novel small molecules and nanoparticles as cancer multidrug resistance reversal agents. Drug
Resist. Updat. 2022, 63, 100844. [CrossRef]


https://doi.org/10.1016/j.scitotenv.2011.02.040
https://www.ncbi.nlm.nih.gov/pubmed/21440288
https://doi.org/10.1002/iub.1466
https://www.ncbi.nlm.nih.gov/pubmed/26714931
https://doi.org/10.7326/0003-4819-147-4-200708210-00175
https://www.ncbi.nlm.nih.gov/pubmed/17620655
https://doi.org/10.1016/j.bbagen.2009.03.001
https://www.ncbi.nlm.nih.gov/pubmed/19272412
https://doi.org/10.3390/nu10091203
https://doi.org/10.1166/jnn.2019.16287
https://doi.org/10.1016/j.freeradbiomed.2018.05.075
https://doi.org/10.1016/j.freeradbiomed.2018.05.001
https://doi.org/10.1016/j.phanu.2021.100263
https://doi.org/10.3390/nu11071457
https://doi.org/10.3390/antiox11020251
https://www.ncbi.nlm.nih.gov/pubmed/35204134
https://doi.org/10.3390/nu7053536
https://www.ncbi.nlm.nih.gov/pubmed/25984742
https://doi.org/10.1093/jb/mvn023
https://www.ncbi.nlm.nih.gov/pubmed/18296716
https://doi.org/10.1016/j.gca.2013.09.019
https://doi.org/10.1097/SCS.0000000000002178
https://doi.org/10.3390/nu13051649
https://doi.org/10.1016/j.drup.2022.100844

Molecules 2023, 28, 4826 16 of 18

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Bjerklund, G.; Shanaida, M.; Lysiuk, R.; Antonyak, H.; Klishch, I.; Shanaida, V.; Peana, M. Selenium: An Antioxidant with a
Critical Role in Anti-Aging. Molecules 2022, 27, 6613. [CrossRef]

Kang, D; Lee, J.; Wu, C.; Guo, X;; Lee, B.J.; Chun, ].S.; Kim, J.H. The role of selenium metabolism and selenoproteins in cartilage
homeostasis and arthropathies. Exp. Mol. Med. 2020, 52, 1198-1208. [CrossRef]

Bodnar, M.; Szczyglowska, M.; Konieczka, P.; Namiesnik, J. Methods of Selenium Supplementation: Bioavailability and Determi-
nation of Selenium Compounds. Crit. Rev. Food Sci. Nutr. 2016, 56, 36-55. [CrossRef]

Tarze, A.; Dauplais, M.; Grigoras, I.; Lazard, M.; Ha-Duong, N.T.; Barbier, F; Blanquet, S.; Plateau, P. Extracellular production
of hydrogen selenide accounts for thiol-assisted toxicity of selenite against Saccharomyces cerevisiae. J. Biol. Chem. 2007, 282,
8759-8767. [CrossRef] [PubMed]

Fernandes, A.P,; Gandin, V. Selenium compounds as therapeutic agents in cancer. Biochim. Biophys. Acta 2015, 1850, 1642-1660.
[CrossRef] [PubMed]

Maré, M.A; DommgueZ—AlvareZ, E.; Latacz, G.; Doroz-Plonka, A.; Sanmartin, C.; Spengler, G.; Handzlik, ]J. Pharmaceutical
and Safety Profile Evaluation of Novel Selenocompounds with Noteworthy Anticancer Activity. Pharmaceutics 2022, 14, 367.
[CrossRef]

Dominguez—Alvarez, E.; Plano, D.; Font, M.; Calvo, A.; Prior, C.; Jacob, C.; Palop, J.A.; Sanmartin, C. Synthesis and antiproliferative
activity of novel selenoester derivatives. Eur. ]. Med. Chem. 2014, 73, 153-166. [CrossRef]

Nasim, M.].; Ali, W,; Dominguez—Alvarez, E.; da Silva Junior, E.N.; Saleem, R.S.Z.; Jacob, C. Reactive Selenium Species: Redox
Modulation, Antioxidant, Antimicrobial and Anticancer Activities. In Organoselenium Compounds in Biology and Medicine: Synthesis,
Biological and Therapeutic Treatments; Jain, V.K., Priyadarsini, K.I., Eds.; The Royal Society of Chemistry: London, UK, 2017; pp.
277-302.

Gajdacs, M.; Spengler, G.; Sanmartin, C.; Mar¢, M.A.; Handzlik, J.; Dominguez-Alvarez, E. Selenoesters and selenoanhydrides as
novel multidrug resistance reversing agents: A confirmation study in a colon cancer MDR cell line. Bioorg. Med. Chem. Lett. 2017,
27,797-802. [CrossRef]

Doml’nguez-Alvarez, E.; Gajdacs, M.; Spengler, G.; Palop, J.A.; Mar¢, M.A.; Kieé-Kononowicz, K.; Amaral, L.; Molnar, J.; Jacob, C.;
Handzlik, J.; et al. Identification of selenocompounds with promising properties to reverse cancer multidrug resistance. Bioorg.
Med. Chem. Lett. 2016, 26, 2821-2824. [CrossRef]

Spengler, G.; Kincses, A.; Mosolygo, T.; Mar¢, M.A.; Nové, M.; Gajdacs, M.; Sanmartin, C.; McNeil, H.E.; Blair, ] M.A.; Dominguez-
Alvarez, E. Antiviral, Antimicrobial and Antibiofilm Activity of Selenoesters and Selenoanhydrides. Molecules 2019, 24, 4264.
[CrossRef] [PubMed]

Kharma, A.; Misak, A.; Grman, M.; Brezova, V.; Kurakova, L.; Barath, P,; Jacob, C.; Chovanec, M.; Ondrias, K.; Dominguez-Alvarez,
E. Release of reactive selenium species from phthalic selenoanhydride in the presence of hydrogen sulfide and glutathione with
implications for cancer research. New |. Chem. 2019, 43, 11771-11783. [CrossRef]

Mizuno, Y.; Shimizu-Furusawa, H.; Konishi, S.; Inaoka, T.; Ahmad, S.A.; Sekiyama, M.; Abdoellah, O.S.; Gunawan, B.; Parajuli,
R.P; Ikemoto, Y.; et al. Associations between urinary heavy metal concentrations and blood pressure in residents of Asian
countries. Environ. Health Prev. Med. 2021, 26, 101. [CrossRef]

Nawrot, T.S.; Staessen, J.A.; Roels, H.A.; Den Hond, E.; Thijs, L.; Fagard, R.H.; Dominiczak, A.E.; Struijker-Boudier, H.A. Blood
pressure and blood selenium: A cross-sectional and longitudinal population study. Eur. Heart ]. 2007, 28, 628-633. [CrossRef]
Yang, R.; Liu, Y.; Zhou, Z. Selenium and Selenoproteins, from Structure, Function to Food Resource and Nutrition. Food Sci.
Technol. Res. 2017, 23, 363-373. [CrossRef]

Gaschler, M.M,; Stockwell, B.R. Lipid peroxidation in cell death. Biochem. Biophys. Res. Commun. 2017, 482, 419-425. [CrossRef]
[PubMed]

Espinola-Klein, C.; Rupprecht, H.J.; Bickel, C.; Schnabel, R.; Genth-Zotz, S.; Torzewski, M.; Lackner, K.; Munzel, T.; Blankenberg,
S. Glutathione peroxidase-1 activity, atherosclerotic burden, and cardiovascular prognosis. Am. J. Cardiol. 2007, 99, 808-812.
[CrossRef] [PubMed]

Jin, R.C.; Mahoney, C.E.; Coleman Anderson, L.; Ottaviano, F.; Croce, K.; Leopold, J.A.; Zhang, Y.Y.; Tang, S.S.; Handy, D.E.;
Loscalzo, . Glutathione peroxidase-3 deficiency promotes platelet-dependent thrombosis in vivo. Circulation 2011, 123, 1963-1973.
[CrossRef]

Laclaustra, M.; Navas-Acien, A.; Stranges, S.; Ordovas, ].M.; Guallar, E. Serum selenium concentrations and hypertension in the
US Population. Circ. Cardiovasc. Qual. Outcomes 2009, 2, 369-376. [CrossRef]

Bastola, M.M.; Locatis, C.; Maisiak, R.; Fontelo, P. Selenium, copper, zinc and hypertension: An analysis of the National Health
and Nutrition Examination Survey (2011-2016). BMC Cardiovasc. Disord. 2020, 20, 45. [CrossRef]

Li, A.; Zhou, Q.; Mei, Y.; Zhao, ].; Zhao, M.; Xu, ].; Ge, X.; Xu, Q. Novel Strategies for Assessing Associations between Selenium
Biomarkers and Cardiometabolic Risk Factors: Concentration, Visit-to-Visit Variability, or Individual Mean? Evidence from a
Repeated-Measures Study of Older Adults with High Selenium. Front. Nutr. 2022, 9, 838613. [CrossRef]

Kuruppu, D.; Hendrie, H.C.; Yang, L.; Gao, S. Selenium levels and hypertension: A systematic review of the literature. Public
Health Nutr. 2014, 17, 1342-1352. [CrossRef]

Tan, Q.H.; Huang, Y.Q.; Liu, X.C,; Liu, L.; Lo, K.; Chen, ].Y.; Feng, Y.Q. A U-Shaped Relationship between Selenium Concentrations
and All-Cause or Cardiovascular Mortality in Patients with Hypertension. Front. Cardiovasc. Med. 2021, 8, 671618. [CrossRef]


https://doi.org/10.3390/molecules27196613
https://doi.org/10.1038/s12276-020-0408-y
https://doi.org/10.1080/10408398.2012.709550
https://doi.org/10.1074/jbc.M610078200
https://www.ncbi.nlm.nih.gov/pubmed/17261587
https://doi.org/10.1016/j.bbagen.2014.10.008
https://www.ncbi.nlm.nih.gov/pubmed/25459512
https://doi.org/10.3390/pharmaceutics14020367
https://doi.org/10.1016/j.ejmech.2013.11.034
https://doi.org/10.1016/j.bmcl.2017.01.033
https://doi.org/10.1016/j.bmcl.2016.04.064
https://doi.org/10.3390/molecules24234264
https://www.ncbi.nlm.nih.gov/pubmed/31771095
https://doi.org/10.1039/C9NJ02245G
https://doi.org/10.1186/s12199-021-01027-y
https://doi.org/10.1093/eurheartj/ehl479
https://doi.org/10.3136/fstr.23.363
https://doi.org/10.1016/j.bbrc.2016.10.086
https://www.ncbi.nlm.nih.gov/pubmed/28212725
https://doi.org/10.1016/j.amjcard.2006.10.041
https://www.ncbi.nlm.nih.gov/pubmed/17350371
https://doi.org/10.1161/CIRCULATIONAHA.110.000034
https://doi.org/10.1161/CIRCOUTCOMES.108.831552
https://doi.org/10.1186/s12872-020-01355-x
https://doi.org/10.3389/fnut.2022.838613
https://doi.org/10.1017/S1368980013000992
https://doi.org/10.3389/fcvm.2021.671618

Molecules 2023, 28, 4826 17 of 18

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Xie, C.; Xian, J.; Zeng, M.; Cai, Z.; Li, S.; Zhao, Y.; Shi, Z. Regional Difference in the Association between the Trajectory of Selenium
Intake and Hypertension: A 20-Year Cohort Study. Nutrients 2021, 13, 1501. [CrossRef]

Sharma, S.; Henkin, S.; Young, M.N. Renovascular Disease and Mesenteric Vascular Disease. Cardiol. Clin. 2021, 39, 527-537.
[CrossRef] [PubMed]

Bala, M.; Catena, F,; Kashuk, J.; De Simone, B.; Gomes, C.A.; Weber, D.; Sartelli, M.; Coccolini, F.; Kluger, Y.; Abu-Zidan, EM.; et al.
Acute mesenteric ischemia: Updated guidelines of the World Society of Emergency Surgery. World J. Emerg. Surg. 2022, 17, 54.
[CrossRef] [PubMed]

Serban, D.; Tribus, L.C.; Vancea, G.; Stoian, A.P; Dascalu, A.M.; Suceveanu, A.l; Tanasescu, C.; Costea, A.C.; Tudosie, M.S.; Tudor,
C.; et al. Acute Mesenteric Ischemia in COVID-19 Patients. J. Clin. Med. 2021, 11, 200. [CrossRef] [PubMed]

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]

Giinaldi, O.; Tugcu, B.; Collioglu, B.; Giigli,, D.G.; Tanriverdi, O.; Akdemir, H.; Bayindir, C. Morphometric analysis of the
influence of selenium over vasospastic femoral artery in rats. Acta Neurochir. 2010, 152, 855-860. [CrossRef] [PubMed]

Swart, R.; Schutte, A.E.; van Rooyen, ].M.; Mels, C.M.C. Selenium and large artery structure and function: A 10-year prospective
study. Eur. ]. Nutr. 2019, 58, 3313-3323. [CrossRef]

Grman, M.; Misak, A.; Kurakova, L.; Brezova, V.; Cacanyiova, S.; Berenyiova, A.; Balis, P; Tomasova, L.; Kharma, A.; Dominguez-
Alvarez, E.; et al. Products of Sulfide/Selenite Interaction Possess Antioxidant Properties, Scavenge Superoxide-Derived
Radicals, React with DNA, and Modulate Blood Pressure and Tension of Isolated Thoracic Aorta. Oxid. Med. Cell. Longev. 2019,
2019, 9847650. [CrossRef]

Lischer, T.E; Dohi, Y.; Tschudi, M. Endothelium-dependent regulation of resistance arteries: Alterations with aging and
hypertension. J. Cardiovasc. Pharmacol. 1992, 19 (Suppl. 5), S34-542. [CrossRef]

McPherson, G.A. Assessing vascular reactivity of arteries in the small vessel myograph. Clin. Exp. Pharmacol. Physiol. 1992, 19,
815-825. [CrossRef]

Kurakova, L.; Misak, A.; Tomasova, L.; Cacanyiova, S.; Berenyiova, A.; Ondriasova, E.; Balis, P,; Grman, M.; Ondrias, K.
Mathematical relationships of patterns of 35 rat haemodynamic parameters for conditions of hypertension resulting from
decreased nitric oxide bioavailability. Exp. Physiol. 2020, 105, 312-334. [CrossRef]

Tomasova, L.; Grman, M.; Misak, A.; Kurakova, L.; Ondriasova, E.; Ondrias, K. Cardiovascular “Patterns” of H,S and SSNO ™ -Mix
Evaluated from 35 Rat Hemodynamic Parameters. Biomolecules 2021, 11, 293. [CrossRef] [PubMed]

Kharma, A.; Grman, M.; Misak, A.; Dominguez—Alvarez, E.; Nasim, M.].; Ondrias, K.; Chovanec, M.; Jacob, C. Inorganic
Polysulfides and Related Reactive Sulfur-Selenium Species from the Perspective of Chemistry. Molecules 2019, 24, 1359. [CrossRef]
[PubMed]

Bencze, M.; Behuliak, M.; Zicha, J. The impact of four different classes of anesthetics on the mechanisms of blood pressure
regulation in normotensive and spontaneously hypertensive rats. Physiol. Res. 2013, 62, 471-478. [CrossRef] [PubMed]

Redfors, B.; Shao, Y.; Omerovic, E. Influence of anesthetic agent, depth of anesthesia and body temperature on cardiovascular
functional parameters in the rat. Lab. Anim. 2014, 48, 6-14. [CrossRef]

Drobnd, M.; Misak, A.; Holland, T.; Kristek, F.; Grman, M.; Tomasova, L.; Berenyiova, A.; Cacanyiova, S.; Ondrias, K. Captopril
partially decreases the effect of H,S on rat blood pressure and inhibits HyS-induced nitric oxide release from S-nitrosoglutathione.
Physiol. Res. 2015, 64, 479-486. [CrossRef]

King, A].; Pfeffer, ].M.; Pfeffer, M.A.; Brenner, B.M. Systemic hemodynamic effects of endothelin in rats. Am. J. Physiol. 1990, 258,
H787-H792. [CrossRef]

Gardiner, S.M.; March, J.E.; Kemp, P.A.; Bennett, T. Bolus injection of human UII in conscious rats evokes a biphasic haemodynamic
response. Br. . Pharmacol. 2004, 143, 422-430. [CrossRef]

Charles, C.J.; Rademaker, M.T.; Richards, A.M. Apelin-13 induces a biphasic haemodynamic response and hormonal activation in
normal conscious sheep. . Endocrinol. 2006, 189, 701-710. [CrossRef]

Zhang, J.; Critchley, L.A.; Huang, L. Five algorithms that calculate cardiac output from the arterial waveform: A comparison with
Doppler ultrasound. Br. J. Anaesth. 2015, 115, 392-402. [CrossRef]

Li, K;; Zhang, S.; Yang, L.; Jiang, H.; Chi, Z.; Wang, A.; Yang, Y.; Li, X.; Hao, D.; Zhang, L.; et al. Changes of Arterial Pulse
Waveform Characteristics with Gestational Age during Normal Pregnancy. Sci. Rep. 2018, 8, 15571. [CrossRef]

Nandi, M.; Venton, ]J.; Aston, PJ. A novel method to quantify arterial pulse waveform morphology: Attractor reconstruction for
physiologists and clinicians. Physiol. Meas. 2018, 39, 104008. [CrossRef]

De Jong, M.A.; Van Roon, A.M.; Bakker, ].T.; Bijen, H.T.].; Mulder, D.].; Brouwers, EP,; Van Gilst, W.H.; Voors, A.A.; Gansevoort,
R.T.; Bakker, S.J.L.; et al. Digital arterial pressure pulse wave analysis and cardiovascular events in the general population: The
Prevention of Renal and Vascular End-stage Disease study. J. Hypertens. 2020, 38, 1064-1071. [CrossRef]

Misak, A.; Kurakova, L.; Berenyiova, A.; Tomasova, L.; Grman, M.; Cacanyiova, S.; Ondrias, K. Patterns and Direct/Indirect
Signaling Pathways in Cardiovascular System in the Condition of Transient Increase of NO. Biomed. Res. Int. 2020, 2020, 6578213.
[CrossRef] [PubMed]

Tomasova, L.; Misak, A.; Kurakova, L.; Grman, M. Ondrias, K. Characterization of Rat Cardiovascular System by
Anacrotic/Dicrotic Notches in the Condition of Increase/Decrease of NO Bioavailability. Int. ]. Mol. Sci. 2020, 21, 6685.
[CrossRef]


https://doi.org/10.3390/nu13051501
https://doi.org/10.1016/j.ccl.2021.06.005
https://www.ncbi.nlm.nih.gov/pubmed/34686265
https://doi.org/10.1186/s13017-022-00443-x
https://www.ncbi.nlm.nih.gov/pubmed/36261857
https://doi.org/10.3390/jcm11010200
https://www.ncbi.nlm.nih.gov/pubmed/35011941
https://doi.org/10.1093/cvr/28.3.345
https://doi.org/10.1007/s00701-010-0599-4
https://www.ncbi.nlm.nih.gov/pubmed/20127372
https://doi.org/10.1007/s00394-018-1875-y
https://doi.org/10.1155/2019/9847650
https://doi.org/10.1097/00005344-199206001-00006
https://doi.org/10.1111/j.1440-1681.1992.tb00420.x
https://doi.org/10.1113/EP088148
https://doi.org/10.3390/biom11020293
https://www.ncbi.nlm.nih.gov/pubmed/33669309
https://doi.org/10.3390/molecules24071359
https://www.ncbi.nlm.nih.gov/pubmed/30959902
https://doi.org/10.33549/physiolres.932637
https://www.ncbi.nlm.nih.gov/pubmed/24020816
https://doi.org/10.1177/0023677213502015
https://doi.org/10.33549/physiolres.932772
https://doi.org/10.1152/ajpheart.1990.258.3.H787
https://doi.org/10.1038/sj.bjp.0705954
https://doi.org/10.1677/joe.1.06804
https://doi.org/10.1093/bja/aev254
https://doi.org/10.1038/s41598-018-33890-1
https://doi.org/10.1088/1361-6579/aae46a
https://doi.org/10.1097/HJH.0000000000002390
https://doi.org/10.1155/2020/6578213
https://www.ncbi.nlm.nih.gov/pubmed/32596347
https://doi.org/10.3390/ijms21186685

Molecules 2023, 28, 4826 18 of 18

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Saugel, B.; Kouz, K.; Scheeren, TW.L.; Greiwe, G.; Hoppe, P.; Romagnoli, S.; de Backer, D. Cardiac output estimation using pulse
wave analysis-physiology, algorithms, and technologies: A narrative review. Br. J. Anaesth. 2021, 126, 67-76. [CrossRef]

Jin, J.; Zhang, H.; Geng, X.; Zhang, Y.; Ye, T. The pulse waveform quantification method basing on contour and derivative. Comput.
Methods Programs Biomed. 2022, 220, 106784. [CrossRef] [PubMed]

Jin, W.; Chowienczyk, P.; Alastruey, ]. Estimating pulse wave velocity from the radial pressure wave using machine learning
algorithms. PLoS ONE 2021, 16, e0245026. [CrossRef]

Morato, M.; Sousa, T.; Albino-Teixeira, A. Purinergic receptors in the splanchnic circulation. Purinergic Signal. 2008, 4, 267-285.
[CrossRef] [PubMed]

Ng, H.H.; Leo, C.H.; O’Sullivan, K.; Alexander, S.A.; Davies, M.].; Schiesser, C.H.; Parry, L.]J. 1,4-Anhydro-4-seleno-d-talitol (SeTal)
protects endothelial function in the mouse aorta by scavenging superoxide radicals under conditions of acute oxidative stress.
Biochem. Pharmacol. 2017, 128, 34-45. [CrossRef] [PubMed]

Zacharias, T.; Flouda, K.; Jepps, T.A.; Gammelgaard, B.; Schiesser, C.H.; Davies, M.]. Effects of a novel selenium substituted-sugar
(1,4-anhydro-4-seleno-d-talitol, SeTal) on human coronary artery cell lines and mouse aortic rings. Biochem. Pharmacol. 2020,
173,113631. [CrossRef]

Greasley, A.; Zhang, Y.; Wu, B.; Pei, Y.; Belzile, N.; Yang, G. H,S Protects against Cardiac Cell Hypertrophy through Regulation of
Selenoproteins. Oxid. Med. Cell. Longev. 2019, 2019, 6494306. [CrossRef] [PubMed]

Ren, H.; Mu, J.; Ma, J.; Gong, J.; Li, ].; Wang, ].; Gao, T.; Zhu, P; Zheng, S.; Xie, J.; et al. Selenium Inhibits Homocysteine-Induced
Endothelial Dysfunction and Apoptosis via Activation of AKT. Cell. Physiol. Biochem. 2016, 38, 871-882. [CrossRef] [PubMed]
Berenyiova, A.; Balis, P.; Kluknavsky, M.; Bernatova, I.; Cacanyiova, S.; Puzserova, A. Age- and Hypertension-Related Changes in
NOS/NO/sGC-Derived Vasoactive Control of Rat Thoracic Aortae. Oxid. Med. Cell. Longev. 2022, 2022, 7742509. [CrossRef]
[PubMed]

Kang, K.T. Endothelium-derived Relaxing Factors of Small Resistance Arteries in Hypertension. Toxicol. Res. 2014, 30, 141-148.
[CrossRef]

Wen, ].Y; Zhang, J.; Chen, S.; Chen, Y.; Zhang, Y.; Ma, Z.Y.; Zhang, F; Xie, WM.; Fan, Y.F,; Duan, J.S; et al. Endothelium-derived
hydrogen sulfide acts as a hyperpolarizing factor and exerts neuroprotective effects via activation of large-conductance Ca®*)
-activated K) channels. Br. J. Pharmacol. 2021, 178, 4155-4175. [CrossRef]

da Silva, G.M.; da Silva, M.C.; Nascimento, D.V.G.; Lima Silva, E.M.; Gouvéa, EEF.; de Franca Lopes, L.G.; Aratjo, A.V.; Ferraz
Pereira, K.N.; de Queiroz, T.M. Nitric Oxide as a Central Molecule in Hypertension: Focus on the Vasorelaxant Activity of New
Nitric Oxide Donors. Biology 2021, 10, 1041. [CrossRef]

Grundy, D. Principles and standards for reporting animal experiments in The Journal of Physiology and Experimental Physiology.
J. Physiol. 2015, 593, 2547-2549. [CrossRef]

Kristek, F.; Grman, M.; Ondrias, K. In Vivo Measurement of H;S, Polysulfides, and “SSNO™ Mix”-Mediated Vasoactive Responses
and Evaluation of Ten Hemodynamic Parameters from Rat Arterial Pulse Waveform. Methods Mol. Biol. 2019, 2007, 109-124.
Cacanyiova, S.; Berenyiova, A.; Kristek, F.; Drobna, M.; Ondrias, K.; Grman, M. The adaptive role of nitric oxide and hydrogen
sulphide in vasoactive responses of thoracic aorta is triggered already in young spontaneously hypertensive rats. J. Physiol.
Pharmacol. 2016, 67, 501-512.

Cacanyiova, S.; Berenyiova, A.; Balis, P.; Kristek, F.; Grman, M.; Ondrias, K.; Breza, J.; Breza, J., Jr. Nitroso-sulfide coupled
signaling triggers specific vasoactive effects in the intrarenal arteries of patients with arterial hypertension. J. Physiol. Pharmacol.
2017, 68, 527-538.

Balis, P,; Berenyiova, A.; Radosinska, J.; Kvandova, M.; Bernatova, I.; Puzserova, A. High concentration of uric acid failed to affect
endothelial function of small mesenteric arteries, femoral arteries and aortas from aged Wistar-Kyoto rats. J. Physiol. Pharmacol.
2020, 71, 99-408.

Slezak, P.; Waczulikov4, I; Bali$, P.; Puzserova, A. Accurate normalization factor for wire myography of rat femoral artery. Physiol.
Res. 2010, 59, 1033-1036. [CrossRef] [PubMed]

Motulsky, H.; Christopoulos, A. Fitting curves with GraphPad Prism. In Fitting Models to Biological Data Using Linear and Nonlinear
Regression: A Practical Guide to Curve Fitting; Oxford University Press: Oxford, UK, 2003.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.bja.2020.09.049
https://doi.org/10.1016/j.cmpb.2022.106784
https://www.ncbi.nlm.nih.gov/pubmed/35405435
https://doi.org/10.1371/journal.pone.0245026
https://doi.org/10.1007/s11302-008-9096-0
https://www.ncbi.nlm.nih.gov/pubmed/18443747
https://doi.org/10.1016/j.bcp.2016.12.019
https://www.ncbi.nlm.nih.gov/pubmed/28027880
https://doi.org/10.1016/j.bcp.2019.113631
https://doi.org/10.1155/2019/6494306
https://www.ncbi.nlm.nih.gov/pubmed/31583042
https://doi.org/10.1159/000443041
https://www.ncbi.nlm.nih.gov/pubmed/26909517
https://doi.org/10.1155/2022/7742509
https://www.ncbi.nlm.nih.gov/pubmed/35308173
https://doi.org/10.5487/TR.2014.30.3.141
https://doi.org/10.1111/bph.15607
https://doi.org/10.3390/biology10101041
https://doi.org/10.1113/JP270818
https://doi.org/10.33549/physiolres.932043
https://www.ncbi.nlm.nih.gov/pubmed/21208020

	Introduction 
	Results 
	R-Se, but Not R-S or R-O Modulates Arterial Pulse Waveform 
	R-Se Decreased Tension of Isolated Mesenteric, Femoral and Renal Arteries 
	R-Se Had a Minor Effect on the Tension of the Isolated Thoracic Aorta 

	Discussion 
	Materials and Methods 
	Chemistry 
	Guide for the Use and Care of Experimental Animals 
	APW Measurement and Data Evaluation 
	Measurement of the Vasoactive Effect of R-Se 
	Vascular Tissue Collection 
	Functional Study of Rat-Isolated Mesenteric, Femoral and Renal Arteries 
	Functional Study of the Isolated Thoracic Aorta 


	Conclusions 
	References

