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Impaired thyroid function is recognized as a major contributor to endothelial dysfunction and cardiovascular disease. This
study examined the vascular effects of sulfur-containing compounds in rats with experimentally induced hypothyroidism and
hyperthyroidism. Thoracic aortic segments were analyzed to assess contractile responses to cysteine and hydrogen sulfide. The
results demonstrated that hypothyroidism significantly reduced vascular relaxation, as shown by a rightward shift of dose-response
curves and increased effective concentrations of the test substances. In contrast, hyperthyroidism did not produce notable changes
in vascular tone. These findings indicate that thyroid hormone deficiency leads to pronounced endothelial dysfunction manifested
as diminished sensitivity of the vascular wall to vasodilators. The study expands understanding of molecular mechanisms
regulating vascular tone under endocrine disorders and suggests new therapeutic targets for cardiovascular conditions associated
with thyroid dysfunction.
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BILJIUB I'l/IPOT'EH CYJIb®IJIY TA HIUCTEIHY HA TOHYC AOPTH IIYPIB 3 PI3BHUM
CTATYCOM IIUTONOIIEHOI 3AJI03H

IMopyuieHHs: GyHKIIOHAIBEHOTO CTaHy LIMTONOAIOHOT 3aJI03U € BaXKJIMBUM YMHHHKOM PH3UKY PO3BUTKY €HIOTENiaJIbHOT
JMUCQYHKIIT Ta CepleBO-CYIMHHIX 3aXBOPIOBaHb. Y JOCIHI/PKCHHI OLIHCHO BIUIMB CIPKOBMICHHX CIOJYK, 30KpeMa HHUCTEiHY Ta
rigporeHcynbdiny, Ha CKOPOTINBY AKTUBHICTh TPYIHOT AOPTH IYPiB i3 EKCIIEPUMEHTAIBHO iHIYKOBaHHM TillO- Ta FepTUPEO30M.
PesynbraT nokaszaiu, mio AediuuT THPEOiAHUX TOPMOHIB 3HAYHO 3HIKYE 3AATHICTh CYAMHHOI CTIHKH JI0 pejiakcalil y BiJIoBigb
Ha 3a3HAYCHi CIOJYKH, IO IMiATBEPHKYBAJIOCS 3MIICHHSIM KPUBHMX «103a-€(DEKT» Ta MiABHUILIEHHIM CepeaHbOe()EKTHBHUX
KOHIeHTpaliil. HaromicTh rimepTHpeoinHuii cTaH HE CIPHUYMHUB CYTTEBHX 3MiH y TOHYCI aopTH. BHsBIEHI 3aKOHOMipHOCTI
cBiguaTh Mpo (GOopMyBaHHS BUPAKEHOI €HAOTEMaNbHOT AUCHYHKIT IPH TIIOTHPEO3i Ta PO3LIMPIOIOTH YSABICHHS PO MOJEKYIISPHI
MEXaHi3MHU pPeryJsLii CyIMHHOrO TOHYCY B YMOBAaX CHIOKPHHHHX mHopymieHb. OTpHUMaHi JaHi BiIKPHBAOTh MEPCHECKTUBH IS
MOITYKy HOBHX TEPANeBTHYHUX MIMIEHEH y KOPEKIil CepleBO-CyJUHHNX MaTOJNOTiH, OB’ I3aHUX i3 TUCOHYHKIIEIO MIUTOIOAI0HOT
3aJ103H.
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Cardiovascular diseases remain one of the main
causes of mortality worldwide, affecting over 10 %
of the adult population [2]. Disorders of thyroid
status are important risk factors for cardiovascular
diseases. The prevalence of hypothyroidism in the
general population is high and shows a rising trend;
in Ukraine, the incidence rate was 22.1 per 100,000
population in 2011, and in 2012, it was diagnosed in
90,884 individuals [4]. The highest incidence of
hypothyroidism is observed in older individuals (> 60
years of age), and congenital hypothyroidism affects
one in 3000-4000 newborns. It is known that thyroid
hormones play a key role in regulating cardiac
function and cardiovascular hemodynamics, as
thyroid hormone receptors are present in both the
myocardium and blood vessels, and changes in their
concentrations adversely affect the cardiovascular
system [1]. Without appropriate therapeutic
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intervention, hyperthyroidism or hypothyroidism,
both clinical and subclinical, may contribute to the
progression of cardiovascular disease. Even
moderate changes in thyroid hormone levels increase
cardiovascular mortality by 20-80 % [10]. It has
been shown that reduced thyroid hormone levels
have a serious impact on the cardiovascular system,
mediated through a number of mechanisms,
including dyslipidemia, hypertension, systolic and
diastolic myocardial dysfunction, as well as
endothelial dysfunction.

In recent years, scientific attention has focused
on investigating the physiological functions of
hydrogen sulfide and cysteine. These sulfur-
containing compounds are known to play an
important role in regulating vascular tone and
myocardial contractility [11]. At the same time, the
question of whether variations in thyroid hormone
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levels affect the ability of cysteine and hydrogen
sulfide (H2S) to induce vascular relaxation remains
unexplored.

The purpose of the study was to assess the
impact of sulfur-containing compounds (H>S and
cysteine) on the contractility of aortic ring segments
in control group animals and under the conditions of
various thyroid hormone levels (hypothyroidism and
hyperthyroidism) in an in vitro study.

Materials and methods. Experimental
research, biomaterial processing, and data analysis
were conducted at the Scientific Research Clinical
Diagnostic Laboratory of National Pirogov Memorial
Medical University, Vinnytsya (Accreditation No.
114/21, valid from 03.09.2021 to 02.09.2026).

The experimental tests were performed on 15
sexually mature male outbred white rats (Rattus
norvegicus) with a baseline body weight of 160-220
g. All animals were bred in the vivarium of National
Pirogov Memorial Medical University, Vinnytsya,
and housed under standard laboratory conditions
(temperature 2142 °C, humidity 55-60 %, 12—hour
light/dark cycle) with free access to water and food.
Before the experiment, all animals underwent a 7-day
adaptation period. Euthanasia was performed by
inhalation of an ether overdose. Animals were housed
in specialized plastic cages (500%320x160 mm)
equipped with galvanized wire mesh lids. Pine wood
shavings were used as bedding. The animals were
maintained on a standard compound feed (pelleted
diet) with free access to cooled boiled water ad
libitum. The experimental part of the study was
conducted from late May to June 2024. Drug
administration began on 31 May 2024.

Male animals were selected for this study to
mitigate confounding variability in vascular
reactivity caused by cyclic estrogen fluctuations in
females. It is well established that estrogens modulate
nitric oxide synthesis, potassium channel expression,
and vascular responsiveness to vasoactive agents,
and interact with gasotransmitter systems, notably
hydrogen sulfide. Additionally, sex hormones can
influence the thyroid-mediated regulation of the
cardiovascular system.

Five animals were assigned to each
experimental group. This cohort size was selected to
adhere to bioethical standards and the 3Rs principle
(Replacement, Reduction, and Refinement) while
maintaining sufficient statistical power for isolated
vessel studies. To mitigate the risk of false-positive
or false-negative outcomes, we utilized randomized
distribution and matched groups by body weight. All
aortic rings were harvested and perfused under
standardized conditions, following a uniform
protocol for pre-loading and tone stabilization. Data
analysis included statistical verification of normal
distribution. The high degree of consistency and
reproducibility observed across groups confirms the
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reliability of the findings, notwithstanding the
focused cohort size.

All animal experiments were carried out in
compliance with the requirements of the European
Convention for the Protection of Vertebrate Animals
used for Experimental and Scientific Purposes
(Strasbourg, 1986), in accordance with the rules for
keeping experimental animals established by
European Parliament and Council Directive
(2010/63/EU) and the Order No.134 of the Ministry
of Education and Science, Youth and Sports of
Ukraine as of 01.03.2012, No. 249 “On approval of
the procedure for conducting tests, experiments on
animals by research institutions”, as well as the
recommendations of the First National Congress of
Ukraine on Bioethics (2001) and the Law of Ukraine
No. 3447-1V dated February 21, 2006, “On the
Protection of Animals from Cruel Treatment.” The
study was considered at a meeting of the Bioethics
Commission of National Pirogov Memorial Medical
University, Vinnytsya, and a decision was made to
publish it under protocol no. 9, dated 5.09.2024.

Laboratory rats were divided into three groups
of 5 animals each. Group 1 was a control group
receiving 1 % starch solution intragastrically via oral
gavage; Group 2 included hyperthyroid animals
receiving L-thyroxine (Levothyroxine sodium,
Berlin-Chemie AG (Menarini Group), Germany) via
oral gavage at the dose of 200 pg/kg dissolvedin 1 %
starch solution daily for 21 days [6]; Group 3
included hypothyroid animals receiving methimazole
(Thiamazole, Pharmaceutical Company “Zdorovye”,
Ukraine) via oral gavage at the dose of 10 mg/kg
body weight daily for 21 days dissolved in 1 % starch
solution [8]. Animal anesthesia and euthanasia,
which were carried out in a state of deep sleep by
decapitation, were performed using sodium
thiopental. 24 hours after the last administration of
the test substances.

To confirm hyperthyroid and hypothyroid
status, serum levels of free thyroxine (FTs), free
tritodothyronine (FT3), and thyroid-stimulating
hormone (TSH) were measured by enzyme-linked
immunosorbent assay using kits from DRG
Instruments GmbH (Germany) according to the
manufacturer’s instructions.

The effect of sulfur-containing compounds on
the contractility of ring segments of the thoracic aorta
was assessed in a special-purpose tensometric setup
(developed at the State Institution “O.0. Bogomoletz
Institute of Physiology of the Academy of Medical
Sciences of Ukraine”) wunder near-isometric
conditions, according to a generally accepted
methodology [13]. Ring segments of the aorta (2-3
mm wide) were placed in a Teflon chamber, stretched
on hooks with a constant force of 0.015-0.2 N (to
establish isometric conditions), and perfused with
Krebs buffer solution (composition at final
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concentrations: 132 mM NaCl, 4.7 mM KCI, 1.4 mM
NaH;POy4, 1.0 mM CaCly, 12.5 mM NaHCO3, and 5.6
mM glucose, pH 7.4, t=18-20 °C, saturated with a
gas mixture of 95 % O, and 5 % CO,). After 1-hour,
tonic contraction of the aortic segments was induced
by passing a hyperkalemic Krebs solution (final KCI
concentration of 80 mM) through the Teflon chamber
for 30 minutes.

To assess the degree of H,S- or cysteine-
induced relaxation, isolated vascular segments were
precontracted with phenylephrine at a concentration
of 10° M, then perfused with solutions containing
phenylephrine (10° M) together with NaHS (or
cysteine) at various concentrations (from 107 to 10
M) for 15 minutes each, while changes in the
isometric tension of aortic ring segments were
recorded using a mechanotronic sensor and a USB-
600-8/6009 analog-to-digital converter (National
Instruments, USA).

Statistical analysis of the results was performed
using the Statistica 17.0 software package. Results
were presented as the arithmetic mean + standard
error of the mean (M+m). The statistical significance
of the difference between values was determined
using the parametric Student’s t-test. Data were
considered significant at p<0.05.

Results of the study and their discussion. Daily
administration of L-thyroxine to animals at the dose of
200 pg/kg for 21 days resulted in sustained
hyperthyroidism as confirmed by a significant (2.4-
fold) increase in FT4 concentrations in the blood of rats
(from 11.070.47 to 26.12+1.85 pmol/L) and a
significant (4.25-fold) reduction in TSH levels (from
0.34+0.03 to 0.08+0.01 mIU/L) compared with
controls. Under these conditions, the FT;
concentration only demonstrated an upward trend.
However, based on the results of statistical analysis,
the changes were found to be statistically insignificant.

Administration of methimazole to animals at
the dose of 10 mg/kg daily for 21 days led to the
development of hypothyroidism: a significant

(almost 3-fold) decrease in FTs was observed
(from 11.07+0.47 to 4.25+0.42 pmol/L), along
with a 6.5-fold increase in TSH levels (from
0.34£0.03 to 2.21£0.16 mIU/L). At the same time,
there was a 4-fold decrease in serum FTjs levels on
Day 21 (from 2.58+0.24 to 0.67+0.04 pmol/L)
relative to controls.

Investigation of H,S-stimulated vasodilation
in aortic segments showed that significant changes
in aortic wall sensitivity to the effect of HoS were
observed only in the setting of thyroid hormone
deficiency. The horizontal axis is the decimal
logarithm of H>S concentration (M) in the
perfusion solution, the vertical axis is the
normalized intensity of relaxation of aortic ring
segments in response to increasing H>S
concentrations. The 100 % value represents the
level of H,S-stimulated relaxation of aortic
segments corresponding in amplitude to the
maximum phenylephrine-induced precontraction.
This and the following figures present averaged
data from five experiments with corresponding
values of standard error of the mean (Fig. 1,
Table 1).
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Fig. 1. Dose dependence of HaS-stimulated relaxation of
aortic ring segments in rats of the study groups. Note: *
indicates the significance of differences (p<0.05) relative to
the values for intact animals.

Table 1
Mean effective concentrations of H,S and cysteine for rat aortas in the study groups
. ECso, uM
f 1
Groups of animals Hydrogen sulfide Cysteine

Controls 96.2+6.88 1034+45.9

Hyperthyroidism (Day 21) 85.4+5.52 985+42.4

Hypothyroidism (Day 21) 134+10.5* 1290+58.8%*

Note: * indicates the significance of differences (p<0.05) relative to the values in the control group.

In the control group of animals, perfusion of
aortic ring segments with NaHS solutions within the
concentration range of 10~ to 10 M caused a dose-
dependent decrease in isometric tension of the aortic
wall: a NaHS solution at the concentration of 10° M
caused a minimal relaxation (5.21+0.74 %), the
degree of which increased with escalating NaHS
concentrations and reached its peak (55.5+£1.05 %) at
the concentration of 10 M. In this case, the NaHS
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concentration at which aortic wall relaxation reached
half of the maximum response ranged from 86 to 106
uM. In rats with hypothyroidism, H2S-stimulated
aortic relaxation was reduced, as evidenced by a
rightward shift of the dose-response curve. In
addition to that, a statistically significant increase in
mean effective concentration (ECsp) of HoS was
observed (by 39.3 % [p<0.05] compared with the
control group). Under these conditions, NaHS at the
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concentration of 10° M caused relaxation of the
aortic wall by 43.0+0.40 %, which was on average
22.5 % less (p<0.05) than in the control group. High
concentrations of thyroid hormones had no effect on
H,S-stimulated aortic vasodilation: the dose-
response curve approximated the control curve, and
mean effective concentration (ECso) of H2S showed
no significant differences relative to the findings in
the control group. Such bidirectional regulation
highlights the complexity of interactions of thyroid
hormones with the vascular system, as also
demonstrated by

The effect of thyroid hormones on cysteine-
induced vasodilation of aortic ring segments showed
similar trends as the effect on aortic relaxation in
response to H,S. The horizontal axis is the decimal
logarithm of cysteine concentration (M) in the
perfusion solution, the vertical axis is the normalized
intensity of relaxation of aortic ring segments in
response to increasing cysteine concentrations. The
100 % value represents the level of cysteine-
stimulated  relaxation of aortic  segments
corresponding in amplitude to the maximum
phenylephrine-induced precontraction. It was found
that only insufficiency of thyroid hormones was
accompanied by impaired cysteine-stimulated aortic
relaxation (Fig. 2).
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Fig. 2. Dose dependence of cysteine-stimulated
relaxation of aortic ring segments in rats of the study groups.
Note: * indicates the significance of differences (p<0.05)
relative to the values in the control group.

In the control group, mean concentrations of
cysteine (107 to 10 M) caused moderate (by 10.3—
22.2 %) relaxation of thoracic aorta segments,
whereas the concentration of 102 M caused
maximum vasodilation (50.3£1.29 %). Mean
effective concentration of cysteine ranged within
977-1104 puM. At the same time, in the group of
hypothyroid animals, cysteine at a concentration of
102 M caused relaxation of the aortic wall by
424+2.32 % on average, which was 16.5 % lower
(p<0.05) relative to controls. In addition, the ECso of
cysteine was 24.8 % higher relative to controls, and

Conclusion

the dose-response curve shifted to the right of the
control curve. In animals with high thyroid hormone
levels (hyperthyroidism), no significant changes in
cysteine-induced  vasodilation were observed
compared with controls.

Lin et al., 2020 [6] and Tkachenko et al. 2005
[13]. At the same time, these data suggest that
elevated thyroid hormone levels may compensate for
impairments in the NO protein system and
antioxidant defenses, thereby allowing avoidance of
excessive vascular spasm.

The experimental studies conducted in an in
vitro setting have demonstrated that hypothyroidism
is accompanied by a reduction in the capacity of HoS
and cysteine to stimulate relaxation of the aortic
walls. In contrast, hyperthyroidism did not
significantly affect H,S- and cysteine-stimulated
relaxation of aortic segments.

Reduction of cysteine-stimulated relaxation in
the setting of hypothyroidism is apparently due to
low activity of cystathionine-y-lyase, since the
vasodilatory effect of cysteine is directly associated
with the production of H2S by the aortic wall
mediated by this enzyme [7]. A recent study by
Soetedjo et al., 2024 [12] has shown new insights
into the mechanisms associated with sulfur-
containing compounds, adding to our understanding
of the pathogenesis of cardiovascular disorders in
thyroid dysfunction. The authors have established
that inhibition of genes associated with the synthesis
and metabolism of H,S may act as a key link
between thyroid status and vascular dysfunction and
offer opportunities for implementation of new
therapeutic approaches targeting the modulation of
sulfur-containing pathways for correction of
vascular tone.

The inhibitory effect of low thyroid hormone
levels (hypothyroidism) on H,S-induced aortic
vasodilation can be attributed to the following
factors: 1) long-standing deficiency of HoS in the
body of rats [9] accompanied by a reduction of its
stimulating effect on vascular tone 2) the
development of severe oxidative stress [15], which
causes a covalent modification of K*-ATP channels,
the main molecular target of vascular effects of H,S
[5]; 3) reduced activity of the endothelial isoform of
NO-synthase [14], which provides an endothelial
component of vascular effects of H,S [3].

Limitations. The primary limitation of this
study is the relatively small cohort size (n=5 per
group), which, although meeting bioethical
standards, may constrain the broader extrapolation of
the observed physiological trends. Additionally, the
study focused on short-term observations, potentially
leaving the long-term effects of the administered
substances on vascular remodeling unexplored.

Experimentally induced hypothyroidism caused a statistically significant decrease in H>S- and cysteine-
stimulated relaxation of aortic ring segments, as evidenced by a rightward shift of the dose-response curves and
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an increase in mean effective concentrations of H,S and cysteine in the aorta by 24.8-39.3 % (p<0.05) relative
to the control group of animals. In contrast, hyperthyroidism did not cause any significant changes of aortic tone
in rats in response to H»S and cysteine.

Prospects of further research. Research into the molecular mechanisms behind the effects of thyroid hormones on the
regulation of vascular tone in response to sulfur-containing compounds will enable identification of new pathogenetic links in the
development of cardiovascular disorders and justify new approaches to their correction in the setting of different thyroid status.
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